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“In the beginning there was nothing which exploded!”

(Terry Pratchett)

“There is a theory which states that if ever anyone discovers exactly what the Universe
is for and why it is here, it will instantly disappear and be replaced by something even
more bizarre and inexplicable.

There is another theory which states that this has already happened”

(Douglas Adams)
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Abstract

High temperature reactors are helium-cooled reactors which consist largely of graphite,
both fuel elements (pebbles) and the main structure material. It uses a special fuel el-
ement made of graphite in which the uranium dioxide in three-fold coated particles is
homogeneously dispersed in a graphite matrix. The coatings — especially the silicon
carbide layer — create an effective barrier against fission product diffusion. The HTR, in
modular design, is laid out that the maximum allowable fuel temperature of 1620°C is
never exceeded in any possible accident without actuation of active components and it
can solely shutdown the reactor via negative temperature feedback effects. The meth-
ods to predict processes in such nuclear plants were mainly developed until the 1990’s
— the end of operation of the AVR in Germany. Owing to the computational capabilities

at the time, only 2-D tools were available for coupled transient analysis.

Since then, computational power increased massively; also end of last century the fa-
vourable characteristics lead to re-newed interest in the technology and development.
Hence, a logical next step was to develop new or enhance existing programmes in
such a way that coupled three-dimensional time-dependent analysis for neutronics and
thermal fluid dynamic is enabled.

The neutron transport programme TORT-TD that solves the neutron transport equation
in discrete ordinates for stationary as well as transient problems is used for neutronics
calculations. The transient solution of the neutron transport equation is performed by
making use of a time-dependent neutron source, xenon/iodine dynamics are imple-
mented as well. TORT-TD was validated for light water reactors, and is coupled to HTR
thermal hydraulics. For that purpose the variation parameters for the cross section

evaluation had to be modified since there are different variation parameters.

The thermal fluid dynamic programme ATTICA®® applies the porous medium approach
for flow in packed beds according to Ergun (dominance of friction). This approach uses
a quasi-steady state formulation for the momentum equation while time dependent
formulations are employed for mass conservation, and energy conservation for both,
the solid and gaseous phase. For spatial discretisation of the conservation equations,
the finite volume method is used. For material properties, gas densities, heat transfer
etc. a set of constitutive equations completes the set of differential equations. Time
integration in ATTICA®® is realised applying a modified Newton-Raphson method which
linearizes and subsequently solves the set of equations. ATTICA®® can automatically

adapt the time step width within user specified limits. Within this work, the mass and
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energy conservation equations are modified so that chemical reactions as conse-
guence of water or air ingress can be simulated, i.e. mass sources for CO, CO,, H, and
sinks for H,O and O, or heat sources and enthalpy transport. The heat generated by
chemical reaction is either added to the solid or the gaseous phase. The corrosion
rates were implemented according to experimental findings for fuel and reflector graph-
ite. Steam or air might enter the primary circuit through a break in the steam generator
or an opening of the primary circuit. Steam entering the core region will moderate neu-
trons, reduce the leakage and thereby increase power. The corrosion was validated for
the NACOK experiment performed within the RAPHAEL project where temperature

evolution under corrosion and total burn-off had to be simulated simultaneously.

The two programmes - TORT-TD and ATTICA® - exchange data (power distributions
or fuel and moderator temperature distribution, possibly hydrogen distribution) by
means of a common interface that interpolates values that are exchanged on mutual
computational grids by volumetric averaging. As verification for the proper operation of
the interface, the steady state of the transient PBMR-400 benchmark was used. After
obtaining a coupled steady state, the transient exercises are performed to test the
proper working of the interface in time dependent cases. Here, the cold helium ingress,
the total control rod withdrawal case and the total control rod ejection case were simu-
lated and compared to results of other partakers of the benchmark. Also, the coupled
system was validated for a full power temperature distribution experiment in the Chi-
nese experimental reactor HTR-10 where good agreement could be reached with the

measurements.

The coupled HTR simulation system TORT-TD/ATTICA®® was then applied for single
control rod ejection cases for both the PBMR-400 and the HTR-PM. These cases re-
guire a 180° model of the reactor. As preparatory works, the control rod cross sections
were adjusted to yield the same reactivity increase as the grey curtain model for the
PBMR and with MCNP5 for the HTR-PM. Since there are strong shielding effects by
neighbouring rods, the power increase was moderate due to strong Doppler and mod-
erator feedbacks. For the HTR-PM, coupled calculations for water ingress cases are
simulated. This also tested the whole computational sequence, i.e. steam transport into
the core by ATTICA®, then transfer of hydrogen densities (from hydrogen or from
steam) to TORT-TD via the interface, interpolation of the macroscopic cross sections
which changes the power density, and the feedback to ATTICA®. Additionally, an an-
ticipated transient without scram is simulated where shutdown of the reactor is
achieved by the temperature feedback effects. For both, the design basis accident and
the anticipated transient without scram, the power increases — lacking experimental

results — were compared to published results produced with the TINTE code and are,



again, in good agreement. As a demonstration case, a three dimensional water ingress

case is presented.

Key words: High temperature reactor, transient three-dimensional analysis, thermal
fluid dynamics, neutronics, simulation system, safety analysis, accident analysis, cou-
pled analysis, neutron transport, porous medium, TORT-TD, ATTICA®, single rod ejec-
tion, PBMR, HTR-10, HTR-PM.0
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Kurzfassung

Hochtemperaturreaktoren (HTR) sind heliumgekiihlte Reaktoren, die grof3tenteils aus
Graphit bestehen, sowohl die Brennelemente als auch die hauptsachlichen Strukturma-
terialien. Es wird ein spezielles Brennelement verwendet, bestehend aus Graphit, in
dem das Urandioxid in dreifach umhullten Partikeln (sog. "coated particles“) homogen
in einer Graphitmatrix verteilt ist. Die Umhullungen, insbesondere die Silikonkarbid-
schicht, bildet eine effektive Barriere gegen Spaltproduktdiffusion. Der HTR in modula-
rem Design ist so ausgelegt, dass die maximale zuldssige Brennstofftemperatur von
1620°C in samtlichen zu unterstellenden Unfallen auch ohne Verwendung von aktiven
Komponenten nie Uberschritten wird und sich der Reaktor allein Uber seine negativen
Ruckwirkungseffekt der Brennstofftemperatur selbst abschalten kann. Die Methoden
um Vorgange in derlei Kernkraftwerken vorherzusagen wurden hauptsachlich bis An-
fang der 90er des Jahre letzten Jahrtausends entwickelt — dem Ende des Betriebs des
AVR in Deutschland.

Seit dieser Zeit nahm die Rechenleistung dramatisch zu. Seine gunstigen Eigenschaf-
ten fihrten auch zu erneutem Interesse an dieser Technologie und ihrer Weiterentwick-
lung Ende der 90er des letzten Jahrtausends. Folglich war ein logischer nachster
Schritt neue Programme zu entwickeln bzw. bestehende so zu verbessern, dass ge-
koppelte dreidimensionale zeitabhangige Neutronik/Thermofluiddynamikanalysen er-

maglicht werden.

Das Neutronentransportprogramm TORT-TD, das die Neutronentransportgleichung in
diskreten Ordinaten fiir stationdre als auch fir transiente Problemstellungen l6st, findet
fur die Neutronikberechnungen Verwendung. Die zeitabhangige Losung der Transport-
gleichung wird durch die Verwendung einer zeitabhéngigen Neutronenquelle bewerk-
stelligt, die Jod/Xenon-Dynamik ist ebenfalls implementiert. TORT-TD wurde bereits fiir
Problemstellungen in Leichtwasserreaktoren validiert und wird nun an HTR-
Thermofluiddynamik gekoppelt. Zu diesem Zweck mussten auch die Parameter zur
Wirkungsquerschnittsvariation verandert werden, da der HTR andere Abh&ngigkeiten

aufweist.

Das Thermofluiddynamikprogramm ATTICA® verwendet den Ansatz des porésen Me-
diums nach Ergun zur Beschreibung von Strémungen in Schittungsbetten (reibungs-
dominiertes Problem). Dieser Ansatz verwendet eine quasi-stationare Formulierung der
Impulsgleichung wahrend zeitabh&ngige Gleichungen zur Beschreibung der Massen-

erhaltungsgleichungen sowie der Energieerhaltungsgleichungen sowohl fur Feststoff-



Xii

als auch fur die Gasphase Anwendung finden. Zur raumlichen Diskretisierung der Er-
haltungsgleichungen wurde die Finite-Volumen-Methode gewahlt. Zur SchlieRung des
Differentialgleichungssystems wird flr Materialeigenschaften, Gasdichten, Warme-
Ubergang usw. ein Satz konstitutiver Gleichung verwendet. Die zeitliche Integration in
ATTICA®® wurde durch Anwendung einer modifizierten Newton-Raphson-Methode be-
werkstelligt, die das Gleichungssystem erst linearisiert und anschlieRend l6st. ATTI-
CA® kann seine Zeitschrittweiten selbststandig im Rahmen eines vom Benutzer vor-
gegebenen Bereichs anpassen. In dieser Arbeit wurden unter anderem die Massen-
und Energieerhaltungsgleichungen derart angepasst, dass chemische Reaktionen als
Folgen eines unterstellten Wasser- oder Lufteinbruchs simuliert werden kénnen. Das
heil3t es wurden Massenquellterme fiir CO, CO, und H, und —senkenterme fiir H,O und
O, sowie der Enthalpietransport eingeftihrt. Die bei der chemischen Reaktion erzeugte
oder abgefiuhrte Warme wird dabei entweder der Gas- oder der Feststoffphase zuge-
schlagen. Die Korrosionsraten wurden anhand experimentell abgeleiteter Erkenntnis-
sen implementiert. Dampf oder Luft konnten durch Bruch einer Dampferzeugerwendel
oder durch eine Offnung in den Primérkreis eindringen. Dampf, der in den Kern eintritt,
wird Neutronen moderieren, die Leckage verringern und dadurch zu einer Leistungser-
héhung fuhren. Die Korrosion wurde mithilfe des NACOK-Experimentes, das im Rah-
men des RAPHAEL-Projekts stattfand, validiert, wobei die Temperaturentwicklung so-
wie der Graphitabbrand gleichzeitig simuliert wurden.

Die zwei Programme — TORT-TD und ATTICA® — tauschen Daten (Leistungsvertei-
lung oder Brennstoff- und Moderatortemperaturen, moglicherweise auch Wasserstoff-
dichten) Uber eine gemeinsame Schnittstelle aus, die die Werte auf die jeweilig zu-
grundeliegenden Rechengitter mithilfe volumetrischer Mittelung interpoliert. Zur Verifi-
kation der Arbeitsweise der Schnittstelle wurde der stationare Zustand des transienten
PBMR-400 Benchmarks verwendet. Nach der Losung fir den gekoppelten stationaren
Zustand, wurden verschiedene Ubungen (d. h. Unfall-/Storfallszenarien) gelést um
auch die korrekte Arbeitsweise der Schnittstelle in zeitabhangigen Problemstellungen
zu testen. Dabei wurden ein Eintritt kalten Heliums, ein vollstandiger Auszug und ein
vollstandiger Auswurf der Steuerstdbe simuliert und mit den Ergebnissen anderer
Benchmarkteilnehmer verglichen. Zuséatzlich wurde das gekoppelte System anhand
eines Temperaturverteilungsexperimentes unter Volllast des chinesischen Experimen-
talreaktors HTR-10 validiert, wobei gute Ubereinstimmungen mit den Messungen er-

zielt wurden.

Das gekoppelte HTR-Simulationssystem TORT-TD/ATTICA® wurde nun zu Anwen-
dungsrechnungen fur Einzelstabauswurfstransienten sowohl fir den PBMR-400 als

auch den HTR-PM verwendet. Diese Problemstellungen bendtigen ein 180°-Modell des
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Reaktors. Vorbereitende Arbeiten waren hierbei die Anpassung Wirkungsquerschnitte
der Steuerstédbe, die so eingestellt wurden, dass fur den Fall des PBMR-400 Reaktivi-
tatszunahme wie in der Modellierung mit ,verschmierten Steuerstaben’ (,grey curtain’)
erreicht wurde. Fir den HTR-PM wurde die Anpassung mithilfe von mit MCNP5 er-
zeugten Ergebnissen vorgenommen. Da sich die benachbarten Steuerstidbe stark ab-
schatten, fallt die Leistungszunahme durch starke Rickwirkungen der Brennstoff- und
Moderatortemperatur moderat aus. Fur das HTR-PM Konzept wurden gekoppelte Be-
rechnungen fur Wassereinbruchsfalle angestellt. Somit konnte auch die ganze Re-
chensequenz, d.h. der Transport des Dampfes bis in den Kern hinein, das von ATTI-
CA® simuliert wird, dann die Ubergabe der Wasserstoffdichten (im Wasserstoff oder
Dampf) Uber die Schnittstelle an TORT-TD, die Interpolation der makroskopischen Wir-
kungsquerschnitte dadurch bedingte Leistungséanderung sowie die Ruckwirkung auf
ATTICA® getestet werden. Zusétzlich wird ein Wassereinbruch ohne Scram (,anticipa-
ted transient without scram’) simuliert, in dem sich der Reaktor lediglich Gber die Tem-
peraturriickwirkungen selbst abschaltet. Sowohl fur den Auslegungsstérfall als auch fur
den Fall ohne Scram-Signal wurden die Simulationsergebnisse, mangels experimentel-
ler Daten, mit publizierten Ergebnissen, die mit dem TINTE-Programm erstellt wurden,
verglichen, und stimmen gut tberein. Als Demonstrationsfall wird auch fir eine kurze

Simulationsdauer ein dreidimensionaler Wassereinbruchsfall prasentiert.

Schlagworte: Hochtemperaturreaktor, transiente dreidimensionale Analysen, Thermo-
fluiddynamik, Neutronik, Simulationssystem, Sicherheitsanalyse, Unfallanalyse, gekop-
pelte Analysen, Neutronentransport, pordses Medium, TORT-TD, ATTICA®, Einzel-
stabauswurf, PBMR, HTR-10, HTR-PM.
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1 Introduction

1.1 Motivation

In 2012, there were 437 commercial power reactors producing electricity with a net
power output of 372,572 MW,, worldwide. This equals 12.3% of the world’s overall
electricity production and 5.1% of the total primary energy use of the world. In the
Western world the nuclear share in electricity production is 25.7%, i.e. a significant
amount of electricity production originates from nuclear energy that is considered part
of the non-carbon emitting forms of energy. Another 68 reactors were under construc-
tion, most of them in Asia [1] [2]. After the Fukushima accident in March 2011, there
was a halt for many nuclear projects worldwide, but only Germany decided for a final
phase-out within the next ten years.

Most of the power reactors in operation are light water reactors (LWR). LWR use light
water (H,O) as coolant. These can be further subdivided into boiling water (BWR) and
pressurised water reactors (PWR). Other commercial reactor types using different
ways of moderation or coolant are the heavy water reactor (CANDU), the water cooled
graphite moderated reactor (RBMK), the gas cooled reactors (MAGNOX, AGR (UK)),
the liquid metal fast breeder reactors (LMFBR), and graphite moderated helium-cooled
high temperature reactors (Fort St. Vrain Reactor FSV, decommissioned; Thorium High

Temperature Reactor THTR, safe enclosure).

There are international efforts, namely the Generation IV International Forum (GIF) that
proposed six future reactor types to be developed with respect to higher economics,
safety and proliferation resistance [3]. These comprise three fast reactors: the sodium-
cooled, the lead-cooled and the gas-cooled fast reactor. The three other reactor types
are: the supercritical light water reactor (SCWR), the molten salt reactor (MSR) and the
very high temperature reactor (VHTR), all of which with a thermal neutron spectrum.

The VHTR is a derivative of the high temperature reactor (HTR) that was developed in
the 50s and 60s as graphite moderated helium-cooled high temperature reactor with a
thermal neutron spectrum [4]. Test reactors like the block-type Peach-Bottom reactor
[5] and the pebble-type AVR [6] (German: Arbeitsgemeinschaft Versuchsreaktor, Eng-
lish: consortium experimental reactor) were experimental reactors with only a small
total power output, i.e. 100 MWy/40MW, and 46 MW ,/15MW,. Nevertheless, there was

useful experience about the fuel and the operation gained. Following these two exper-



imental reactors, the THTR-300 [7], a pebble type demonstration plant, and the block-
type FSV reactor were built and operated [8][9]. Both used Uranium-235 (U) as fuel
and thorium as breeding material to produce U-233 and both were facing operational

problems, and for the THTR combined with political issues.

With erection of the first experimental reactors the programmes to predict the reactor
behaviour were developed as well. Owing to the computational capabilities at the time,
these applied simplified, i.e. one- or two-dimensional approaches for prediction of op-

erational conditions, steady state and transient, as well as accident transients.

After the Three-Mile-Island reactor core meltdown accident, where the decay heat of
the fission products destroyed large parts of the corium, there was a change of para-
digm in the development of the HTRs. Instead of increasing the size and, hence the
total power output of HTRs, the focus of development was shifted towards a self-acting
decay heat removal system. This feature was an already proven concept for the AVR,
but for reactors with a higher power density, active decay heat removal was required
(THTR, FSV, and other concepts like the HHT-1130, or PNP [4]). In 1984, Siemens-
Interatom introduced the concept of a modular high temperature power reactor that
could fulfil this claim. This proposal also led to dramatic changes of the design criteria
of an HTR [10] [11] [12]. The approach comprised a low power density, a small diame-
ter to height ratio (unlike in LWRs where height to diameter ratio is = 1) to provide the
reactor core with a great surface for heat transport to the outside, and most important
an integral design that could cope with a total loss of decay heat removal by active
components. The only system that has to be available is the passive reactor cavity
cooling system at ambient pressure that could remove the heat radiated from the reac-
tor to the reactor cavity walls by natural convection of a water loop. The heat is trans-
ported to an air cooled heat exchanger. Also, this concept minimises the amount of
nuclear grade components, and tries to employ as much proven conventional technol-
ogy as possible. The HTR-Module 200 was already licensed in Germany, but never
built. Nevertheless, from this concept on, the self-acting decay heat removal is how
regarded state of the art for HTR development and was adopted ever since in all later

HTR concepts.

In the middle of the 1990’s, international efforts were being made to design license,
build and finally operate the South African Pebble Bed Modular Reactor (PBMR). At the
same time, two research reactors were put into operation; the Chinese pebble bed
HTR-10 and the Japanese block-type High Temperature engineering Test Reactor
(HTTR), both experimental facilities with small thermal power output (HTR-10: 10
MW; HTTR: 30 MW,,) to gain operational experience [13] [14] [15] [16].



In 2011, the Fukushima accident occurred as a consequence of an earthquake fol-
lowed by a tsunami that destroyed the plant’'s emergency infrastructure. The shutdown
procedure went as planned. Only when the waves flooded emergency diesel genera-
tors, the decay heat removal system was lost. This demonstrates the importance of

actively removing decay heat from big power reactors.

The modular HTRs are laid out in such a way that active removing of decay heat is not
necessary. Even in a case of depressurisation and a subsequent core heat-up acci-
dent, the specific fuel pebble with its dispersed coated patrticles that contain the urani-
um dioxide fuel will neither release fuel nor fission products. That necessitates that the
power density has to be low (3 — 5 MW/m®). With a low power density, the resulting
decay heat will also be low. This together with a large graphite body that, like a sponge,
can collect large portions of heat ensures that the decay cannot lead to inadmissibly
high temperatures. A core melt accident as a consequence of loss of decay heat re-
moval can be excluded.

This fact, along with economic benefits that first have to be proven by a prototype plant,
might make it attractive to deploy the high temperature reactor technology in the future.
The first double block plant is currently being built at the Rongcheng site in China [17].
Co-generation of electricity and heat for process engineering or district heating may
help to increase the attractiveness of this technology.






2 State of the Art

The inherently safe modular high temperature gas cooled reactor concept was first
introduced by SIEMENS-INTERATOM in 1988 as the HTR-MODULE 200 [10] [11] [12].
The concept of a high temperature reactor where gas is used as coolant is older. But it
was due to the development of the modular gas-cooled reactor that safety features
have significantly changed and safety could be enhanced.

A distinctive feature of the concept is that all components are standardized and there is
only a small fraction of highly-reliable, high-cost nuclear grade components. In case of
failure, everything except the reactor pressure vessel can be exchanged. During opera-
tion the reactor building is accessible at all times. The only restricted area during op-

eration is the primary cavity.

Similar to the HTR-Module, the HTR-PM concept, a variation of the Module with a
higher thermal power of 250 MWy, was introduced [17] and is currently being built in
Rongcheng in China. Therefore, it is a concept at the brink of realization and will serve

from here on as the reference reactor and is being described in the following [18].

2.1 General features of the High Temperature Reactor -
Pebble Bed Modular

The HTR-PM is a reactor with a low average power density (= 3.2 MW/m®) compared to
commercial light water reactor systems (= 100 MW/m?). Its total thermal output is only
250 MW. Assuming the efficiency to be around 42%, the electrical output is roughly
105 MW4,. The coolant of the primary circuit is helium, which enters the core at 250°C
and is heated up to 750°C. The heat of the coolant is exchanged to a water/steam cy-
cle via steam generator. The steam drives a steam turbine. But the strengths of the
HTR-PM do not only lie in its electricity generating capacity, but rather in the possible
coupling of heat and electricity generation (co-generation) together with very promising

safety characteristics.
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Figure 1: Cross section of the reactor building [11]

The reactor and the nuclear steam supplying system are arranged side by side, see

Figure 1.
The main features of the HTR-PM are:

e The inherent safety features, i.e. due to the interplay of the very low average
power density (~3.22 MW/m?®), the great heat capacity and the resistance to
heat of the reflector structure together with the good heat conduction character-
istics the removal of decay heat solely by heat radiation and conduction is
achieved. The design limit temperature is not exceeded. Hence, no significant
radioactivity release is expected, even without any active measures. No active

core cooling is needed for decay heat removal.

e The fuel elements are billiard ball sized graphite balls of 6 cm diameter. Fis-
sionable material forms small coated particles which are able to retain virtually
all fission products up to a temperature of 1620°C [19] [20] [21] [22].



2.2

As fissile material, uranium oxide (UO,) is used. Each fuel element contains

about 7g of Uranium with an initial enrichment of 8.9 % of U-235 [17].

The reactor core is designed that even in case of accident the critical tempera-
ture of 1620°C is not exceeded at any time. These temperatures can only be
reached in case of a depressurisation accident. Simple graphite burning con-
tains no risk of exceeding those temperatures since temperatures stay well be-

low the design temperature of the coated particles [19] .

Thanks to the great retention capabilities of the coated particles a pressure-tight
containment known from the light water reactor technology can be omitted with-
out reducing the safety margin for the environment [12] [23].

The cooling gas, helium, is an inert gas, both chemically and neutron physically.

All core internals surrounding the pebble bed are made of graphite. No temper-

ature induced failure will occur at the design temperatures.

The reactor shows a very “lethargic” behaviour with regards to power increase
(Doppler Effect in Uranium-238 resonances). The reactor tends to withstand

small power or reactivity increases.

The reactor has eight control rods which are inserted into the side graphite re-
flector. For long term shutdown, additional absorber spheres of 10 mm diameter
(so called Small Absorber Spheres, SAS) are dropped into boring holes inside
the reflector. No control or shutdown units have to be inserted into the pebble

bed at any time.

The steam generator is located at the side the reactor pressure vessel (see
fig.1), and lower than the reactor pressure vessel to achieve thermo hydraulic
decoupling of heat source (reactor core) and heat sink (steam generator). Natu-
ral convection prevents hot gas with inadmissibly high temperatures from enter-

ing the steam generator.

High efficiency thanks to both the high temperature difference of hot and cold

coolant and due to superheating of the live steam.

The Primary Circuit

The HTR-PM consists of two modules: the reactor pressure vessel with its graphite

internals and the pool-ball sized fuel elements (pebbles) as core, and the steam gener-

ator. For connecting the two modules, a coaxial gas duct is used as transfer passage



for the cold (outside) and hot gas (inside), respectively. In order to keep the cooling gas
circulating, a one stage helium blower is mounted on top of the steam generator. The
blower and steam generator are both placed in the steam generator-pressure vessel.
The life steam is transferred to either a conventional steam turbine or is directly used to
co-generate process heat or provide process steam for industrial applications. The re-
actor pressure vessel and the steam generator are both located in separate concrete

cavity (primary cavity), each.

2.2.1 The Reactor Pressure Vessel Unit

The reactor pressure vessel is about 25 metres high and has a diameter of around 6
metres. The core with the fuel elements forms the centre of the reactor pressure ves-
sel. It is filled with around 420,000 fuel spheres. The core cavity has a diameter of
three meters and an average height of 11 metres. In the vicinity of the core only graph-
ite is used as structural material. At the same time, the graphite serves as neutron re-
flector. The thickness of the side reflector is about 75 cm. The side reflector has sever-
al vertical boring holes. Close to the core, there are borings of about 15 cm of diameter
for the eight control rods which are distributed azimuthally. Additionally, there are 22
smaller slot holes for the small absorber spheres that serve as long-term shutdown
units. These borings are very close to the core in order to be as effective as possible
for the neutron absorption. On the outer side of the reflector, the flow path for the cold
helium is located. This helps to keep the non-graphitic structures like core barrel and

reactor pressure vessel at low temperatures.

Above the core cavity there are several layers of graphite serving as top reflector and
plenum for the cold gas that traverses the core. Therefore, a multitude of small borings
penetrate the top reflector providing sufficient flow paths for the coolant. In the centre of
the top reflector, there is a charging tube for reloading fuel elements during operation.
Since the pebbles are fed into the core cavity through one central opening, the pebble
bed forms a cone on the top.

The lower part of the core cavity forms a cone with a 30° angle. This is to guarantee
that all fuel elements flow towards the discharging tube without blockage. Like the top
reflector, the bottom reflector consists of several graphite layers. The bottom cone has
many small borings that provide flow paths for the hot gas that leaves the core. The
gas reaches the hot gas plenum where it is mixed and subsequently conveyed to the

steam generator via the coaxial gas duct.

When fuel elements are discharged from the reactor, they will be conveyed to a burn-

up measurement facility. There, the fuel element’s individual burn-up will be measured.



If the burn-up reaches the design burn-up the fuel element will be sorted out. If not, the
fuel element will be recycled (into the core until design burn-up is reached).

Outside the reactor pressure vessel, there is a cavity cooling system. The first task of
the cavity cooler is to assure that the concrete that forms the housing for the reactor
does not overheat during normal operation. The second and utterly important task is to
remove the decay heat in case of accident/incident or shutdown. As mentioned before,
the reactor disposes its decay heat only through radiation as soon as the heat reaches
the pressure vessel outside. The cooler consists of water pipes that are connected via
metal plates. The water circulates on the basis of natural convection, but under acci-
dent conditions the heat to be removed increases (~300kW nominai, 2 MW accidentar)- ThiS
requires the introduction of a pump. The water temperature of this cooling system is
~50 °C.
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Figure 2: Cross section through the primary circuit of the Chinese HTR-PM [17], left the reactor
pressure vessel with core internals and pebble bed, on the right: the steam generator with inte-

grated blower.
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2.2.2 Control and Shutdown

In order to control the reactor, neutron absorbing rods - the control rods - are used. The
control rod is a cylindrical annulus consisting of several layers. Only one of several
rings contains boron in form of boron carbide (B4C). One borated layer of around 1.9
cm thickness is enough since thermal neutrons will not diffuse far into the rod whereas

fast neutrons will not be influenced much, not even if the rods were solid [24].

The control rods have to be designed and laid out to override xenon absorption when
operating in part load (100% - 40% - 100%). Under equilibrium conditions the rods are
inserted to such depth that they release only = 1.3 % of reactivity when all rods are
ejected. Introducing = 1.3 % of reactivity into the core was shown to be acceptable in
terms of temperature and power of the coated particles.

The HTR-PM is designed with eight control rods and 24 shutdown units. The shutdown
units are boring holes in which on demand small absorber spheres (SAS, 10 mm diam-
eter) drop into the side reflector only by gravity. The shutdown units are necessary to
keep the reactor sub-critical in a long-term state. In this case, reactivity increase due to
temperature decrease of the fuel must be accounted for.

To restart the reactor after a long-term shutdown, the small absorber spheres are re-
moved pneumatically from the reflector one after another, and subsequently conveyed

to their storage containers. These containers are located above the top reflector.

2.2.3 The coaxial gas duct

In order to connect the reactor pressure vessel with the steam generator a coaxial gas
duct is used. The cold gas flows in the outer annulus, the hot gas flows in counter-
current in the inner cylinder. Directing the gas flows that way, the pressure boundary is

not subjected to the high temperatures of the hot gas from the reactor.

2.2.4 The Steam Generator

After the hot gas duct, the hot gas is conducted to the steam generator where, after
only one pass, the heat is transferred to the water/steam circuit. The helium flows be-

tween the steam generator tubes and heats up the water inside the latters.

2.2.5 Auxiliary Installations

In order to operate the HTR-PM, there are two important installations that will assure

the reactor to remain operational. These installations are:
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1. The fuel handling system

2.3

The fuel handling system has to fulfil two main tasks: load and reload the fuel
elements into the core, and also to measure the burn-up, since several core-
passes of fuel elements are foreseen. After burn-up measurement, it is decided

whether or not to recycle a fuel element.
The helium purification system

The helium purification system is to ensure that the chemical impurities of the
gas are kept below specified limits in order to protect fuel-elements, reactor
components and metallic internals of the primary circuit. The gas purification
system also fulfils the purpose of removing decay heat from the core, and re-
moving ingressed water. For safety reasons, there are two helium purification
facilities for each core, one for operation and the other in stand-by mode in or-
der to compensate malfunction of the first system. Also, there is an emergency
purification system that - in case needed - has a throughput of the whole prima-
ry circuit cooling inventory within one hour, effectively removing impurities or

corrosion gases [25].

The Fuel Elements (Pebbles)

The reactor core nominal volume for an equilibrium core is approximately 77.8 m>. It is

filled with graphite balls (pebbles) of 60mm diameter each containing 7 g of uranium

with an enrichment of 8.9 %. The distinctive feature of this fuel element type is that it

already contains the moderator. The uranium dioxide is formed in small spherical parti-

cles inside a graphite moderator matrix. These particles of 0.5 mm diameter are coated

by four layers, see Figure 3:

a porous carbon buffer layer with a thickness of 0.095 mm, that will take up the

fission products, especially fission gases,
a pyrolitic carbon layer (PyC) with a thickness of 0.045 mm,

a very dense silicon carbide layer (SiC), with a thickness of 0.035 mm. Various
experiments showed that the SiC layer is capable of retaining fission products
up to a temperature of 1,600 °C. After less than 1,000 hours of exposure at
1,600 °C, the SiC layer of the coated particle will start to lose its retaining capa-

bilities (Palladium diffusion effect). Maximum fuel temperature during nominal



12

operation is set to 1,200 °C since caesium diffusion might reach the point of dif-
fusion breakthrough after about 1,000 days (normal pebble lifetime inside the

core),

e another PyC layer, with a thickness of 0.04mm.

_- 5mm Graphite layer

_ Coated particles imbedded
~in Graphite Matrix

Dia. 60mm

Fuel Sphere

_—~Pyrdytic Carbon 40/1000mm
~_-Silicon Cartide Banier Coating 35/1000mm
" Imer Pyrdlytic Carbon40/1000mn

Section

Dia. 0,92mm
TRISO
Dia.0,5mm

Coated Particle  uranium Dioxice
Fuel Kernel

Figure 3: HTR fuel pebble with coated particles [26]

Each fuel pebble contains about 7g UO,/ pebble leading to around 11,600 coated par-
ticles per pebble. The particles are homogeneously dispersed in a graphite matrix of 50
mm diameter coated by a 5 mm thick graphite shell containing no fuel particles. The
reactor core is formed by a multitude of randomly distributed pebbles in the core cavity.
The packing fraction of solid is 0.61, and hence, the void fraction is 0.39. Heat is mostly
generated by fission of U-235 atoms and other fissile material (95 %), only a small part
is generated by gamma heating of fission products and actinides. The generated nu-
clear heat is transported from the coated particle to the pebble surface by means of
heat conduction. On the outside of the pebble the heat is transferred by convection and
a complicated interplay of heat radiation between pebbles, and, between pebbles and
gas, heat conduction. The gaseous coolant transports the heat to the steam generator.



13

Table 1: Characteristics of spherical elements for the HTR-PM [17]

Diameter of spherical fuel 6 cm
Diameter of fuel region in fuel element 5cm
Initial enrichment of fuel element 8.9 %
Volumetric filling fraction of pebble bed core 61 %
Fuel uo,
Fuel loading mode Multi-pass

2.4 Safety Features of the HTR-PM

The HTR-PM is designed as an inherently safe reactor. Inherently safe means that
even in case of accidents only negligible release of radioactivity will occur. The safety
barriers of the fission products of the HTR-PM are nearly equal to the traditional multi-
ple barrier principle for retaining fission products. These barriers are the fissile matrix,
the SiC layer and the primary circuit. A pressure tight containment known from tradi-
tional nuclear power plants is not necessary due to the high retention ability of the sili-
con carbide layer and negligible activation of the coolant. Therefore, the whole reactor
building, except for the primary cavity, can be entered and maintained at any time of
operation and shutdown. However, the safety philosophy of the modular HTR-PM dif-
fers from the traditional approach of relying on redundancy and diversity. Instead of
making use of costly, highly reliable installations like emergency cooling systems and
pressurisers, the HTR’s key to safety is simplicity. In accidental case, the actions that

have to be taken by the reactor control are always the same [12]:
e Dropping of control rods (in order to stop the chain reaction)
e Shutdown of the helium blower (to stop helium mass flow)

e Shutdown of the water supply to the steam generator (to separate the nuclear

core from the conventional plant)

e Closing all valves of connecting pipes to the primary circuit.

These actions will follow any type of incident or accident. There is no accident scenario

where special actions other than the above mentioned have to be accounted for. In this
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way, it can be excluded that a wrong decision is being made by any controlling person-

nel.

Basically, there are three major accident categories a reactor has to deal with:
1. Removal of decay heat
2. Control of excess reactivity
3. Control of chemical attacks

All other possible accidents can be sub-classified into these three categories.

2.4.1 Removal of Decay Heat

The removal of decay heat is possible only by means of natural phenomena (conduc-
tion, radiation). Hence, the power density and the reactor design must be selected in a
way that in case of failure of active core cooling, maximum fuel temperature will never
exceed the temperature limit of 1620°C [19]. Thermal fluid dynamic calculations for the
HTR-PM showed that during the heat up of the core in the absence of active cooling
the temperature limit is not exceeded.

2.4.2 Control of Excess Reactivity

The maximum fuel temperature of 1620°C also determines the maximum admissible
reactivity insertion. This leads to a maximum reactivity insertion of pnax = 1.3 % for the
HTR-PM [27]. The control rods must be partially inserted during operation to be able to
have an excess reactivity margin when power load is changed. This excess reactivity is
crucial since the great loss of neutrons due to Xe-135 absorption must be compen-
sated for. Even in the highly improbable case of an ejection of all control rods at full
power, the reactor power will increase instantaneously. But due to the strong epither-
mal resonance absorption of neutrons in the U-238 (known as Nuclear Doppler effect)
the power excursion is almost instantly mitigated reducing the thermal neutron flux. The
power will reach previous level. Hence, the reactor is very inert towards changes in its

power level.

2.4.3 Control of Chemical Attacks

The reactor must be able to cope with chemical attacks like air or water ingress. During
chemical attacks, the release of fission products was estimated by SIEMENS/Interatom

for the Module 200. It was calculated by SIEMENS/Interatom that the release of activity
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remains within admissible range in all scenarios [12]. The worst scenario is that the
reactor is damaged in a way that the reactor vessel forms a “chimney®, i.e. air might
traverse the core from the lower to the upper part leading to massive graphite burning
of the reflector and the pebble bed. Nevertheless, it is prudent to be prepared for acci-
dent management measures to be executed in the time frame of some days after the

accident (e.g. providing foam to stop air ingression into the core).

2.5 Issues with the High Temperature Reactor

In recent years, there were discussions whether or not the HTR needs a containment
building. This discussion came up after a publication [28] claiming that the fuel ele-
ments of the AVR in Jilich, Germany, released far more metallic fission products to the
primary circuit than previously expected. Three reasons for fission product release

were reported:
o Defective coated particles
e Uranium impurities in the graphite matrix

¢ Diffusion of fission products out of intact coated particles due to higher tem-

peratures than calculated

The first two bullet points are not of major concern since there was a considerable im-
provement of the fuel due to introduction of the SiC coating. However, due to higher
temperatures the fission product diffusion through the intact coating increases. Also
with high burn-up of fuel elements in the hot region (gas flow from top to bottom), the

fission products can diffuse out of the coated patrticles.

This leads to two conclusions: first the burn-up thus far, must remain limited. Secondly,
the operational temperatures must stay limited. The very high temperature variant (gas
temperatures up to 1000°C or higher) of the HTR is subject to R&D and must first be
verified before being technically exploited for co-generation or the like.

Another issue is the final disposal of both irradiated graphite blocks and especially
boronated carbon bricks. The carbon bricks in the AVR initially intended to reduce the
neutron fluence contain a large amount of tritium (generated by boron capture). Also
the '*C, radiocarbon, will create disposal issues, i.e. the amount of **C of the AVR al-
ready takes over large portions of the licensed activity of radiocarbon in the final low
and intermediate active waste storage volume in the disposal site ‘Schacht Konrad’

[29]. Additionally, the capture of boron is a major source of tritium (°*H) in HTRs.
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2.6 Three-Dimensional Problems in High Temperature

Reactors

There are several reasons motivating the development of a coupled three-dimensional

time dependent simulation system. Three-dimensional situations can arise from:
e non-axis symmetric geometry like in the AVR

e non-axis symmetric fuel loading: the AVR and PBMR had non-central fuel load-
ing tubes; malfunction of fuel loading can lead to non-axis symmetric fuel ele-
ment distribution (one tube only feeds fresh fuel) which can also lead to the
formation of a hot spot

e non axis-symmetric burn-up distribution: more important for the block type-HTR,
but can also occur in pebble bed HTRs

e non-axis symmetric control rod ejection/withdrawal or shutdown spheres fall into

the side reflector
¢ densification of pebble bed off-cylindrical centre line
¢ mechanical blockage of cooling channels or the helium risers.

Especially cases which also need the influence of delayed neutrons, e.g. in a control
rod ejection or a combination of scenarios, like a pebble bed densification together with
a control rod ejection [30], necessitate the three-dimensional time dependent HTR sim-

ulation system.

The above mentioned AVR [6] was a pebble bed test reactor used for qualification of
pebble fuel. It used a variety of different fuel elements (9 different fuel elements), i.e.
different coatings — BISO (without SiC layer) and TRISO particles — different enrich-
ments, ranging from low to high enriched uranium, some even contained thorium for
breeding of U-233. All of them were inserted into the reactor over time. Additionally, the
AVR used a two-zone core where the fresh fuel elements were put into the outer part of
the core, after reaching a certain burn-up they were inserted into the core centre. With
its 9 different fuel elements and 50 burn-up states, the generation of cross section is
very elaborate. This, together with some uncertainties of the real gas temperatures (20
% core by-pass through bore-holes was mixed with hot gas before going to the steam
generator) makes the simulation of the AVR very challenging. It was therefore decided

not to take the AVR as an application case.
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2.6.1 Earlier Programs for Safety Analysis in High Temperature Reactors

There is a multitude of different computer programs for HTR analysis. However, these
always expose some deficiencies with respect to 3-d transient capabilities of both neu-
tronics and thermal fluid dynamics. An overview of capabilities is presented in Table 2.
All but the MGT-3D code are lacking full 3-D capabilities, but the publication date was
after the time of this manuscript and transient 3-D results are not published.

Table 2: Overview of simulation tools for HTRs

Name of the program Neutronics Thermal fluid Reference
dynamics
RZKIND/THERMIX 2-D 2-D [31]
ZIRKUS/THERMIX 2-D (steady-state) 2-D [32]
CFX - 3-D [33]
DORT-TD/THERMIX 2-D 2-D [34]
TINTE 2-D 2-D [35]
DALTON/THERMIX 3-D 2-D [36]
CYNOD/RELAP5-3D 2-D 3-D [37]
WIMS/PANTHERMIX 3-D 2-D [38]
TH3D Point kinetics 3-D [39][40]
NEM/THERMIX 3-D 2-D [41]
DYN3D-HTR 3-D (block type) 1-D fluid flow, [42]
3-D heat conduction
SPECTRA Point kinetics 1-D fluid flow, [43]
2-D conduction

WKIND/FLOWNEX 1-D 2-D [44]
MGT-3D 3-D 3-D [45]
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3 Aims of this work

The aims of this work are to introduce an HTR simulation system using well validated
data, correlations and methods that are state of the art and follow best estimate stand-
ards. The main task is to establish a common interface that allows data exchange be-
tween the two initially uncoupled components of the simulation system. This along with
modifications introduced in the two major components of the coupled simulation tool
TORT-TD/ATTICA3D allows for a three-dimensional time-dependent safety analysis.
Especially for processes that cannot be simulated by use of quasi-steady state meth-
ods like burn-up calculations or part load is not appropriate and necessitates a treat-
ment that takes into account reactor kinetics, i.e. the effect of delayed neutrons in tran-

sient cases.

One component is the time-dependent discrete ordinates neutron transport code
TORT-TD, initially introduced as a steady-state discrete ordinate code TORT by the
Oak Ridge National Laboratory [46] and enhanced by the Gesellschaft fiir Reaktor- und
Anlagensicherheit mbH (GRS) for time dependent calculations by use of a time de-
pendent neutron source. Detailed description can be found in [47].

The second component of the simulation system is the time dependent three-
dimensional thermal fluid dynamics (TFD) code ATTICA® (Advanced Thermal fluid
dynamic Tool for In-vessel and Core Analysis in 3 Dimensions) that was previously
introduced as TH3D [35] [40]. It applies the porous media approach in which detailed
description of geometry is omitted in favour of the more generalised geometrical de-

scription with the help of the porosity €, the ratio of fluid to total geometrical volume.

These two three-dimensional components are now coupled by means of a common
interface. In the steady-state calculation, the interface transfers data from TORT-TD to
ATTICA® and vice versa. The data to be transferred from TORT-TD to ATTICA® is the
mesh-wise power density. After interpolation to the — usually differing — TFD grid, AT-
TICA®® calculates the temperature distribution of the fuel, moderator and reflector and,
if necessary, the hydrogen density. The temperatures for fuel and moderator are taken
by TORT-TD to calculate a new power density. This process is repeated until both
temperature changes and changes in power density converge, i.e. do not change with-
in certain thresholds provided in the respective inputs. In case of different computation-
al grids, the interface interpolates the data to be transferred to the mutual grids. The

neutronic grid is usually much finer in the regions of interest (reactor core and approxi-
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mately 1 metre of reflector), compared to the thermal fluid dynamic grid whereas the

thermal fluid dynamic grid comprises much larger volumes for simulation.

E.g. while the neutronic problem geometry of interest usually ends 1 metre behind the
side reflector, the thermal hydraulic computational grid comprises all the components,
core, side reflector helium risers, core barrel, helium gap, reactor pressure vessel,
along with radiative heat transfer and/or gas heat conduction and/or convection from
the reactor pressure vessel to the reactor cavity cooling system. This is necessary to

be able to calculate cases where the decay heat removal system comes into play.

The option to simulate the HTR in three dimensions was not available yet since compu-
ting power at the time of origin (70’s and 80’s of last century) was much lower and suf-
ficient for licensing at that time arguing that the most severe accidents do not require
more detailed modelling than just a cylindrically symmetric one. The state of computa-
tional art also demands for more efficient methods to obtain solutions. Also with in-
creased memory size for computers, the deficiency of only being able to generate 2-
dimensional solutions is addressed, and a transient 3-dimensional HTR simulation tool
is introduced.
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4  Physical and numerical models

4.1 Nuclear Cross Sections

The probability for interaction of neutrons with matter is described by cross sections.
These cross sections describe interactions of neutrons with the nuclei of fuel, modera-
tor, reflector and absorbers, etc., basically all materials within the domain of interest.
The total microscopic cross section (o) is subdivided in different possible reactions, e.g.

scattering o, absorptiono, , fission o and captureo, .

The absorption cross section o, is the sum of fission and capture cross sections and
can be written as

0,=0;+0, (4-1)

For the scattering, there are two types of scattering accounted for, the elastic and ine-
lastic scattering:

Os = Oastic + Oinelastic (4'2)
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Figure 4: Continuous energy total cross section (red) and fission cross section (green) for a
Uranium-235 nucleus from the ENDF-B/VII data files in barn (:10'24 sz) , the energy ranges
(upper arrows) are 1) thermal, 2) resolved resonance, 3) unresolved resonance, and 4) fast

range [48].
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To obtain the total cross section absorption and scattering fractions are summed up:
o, =0, +0; (4-3)

At temperatures above 0 K, all nuclides show Brownian motion. This motion influences
the relative velocities of neutron and interacting nuclide. The nuclide may move in or
against the neutron direction, and hence, the relative velocity between neutron and
nuclide will either decrease or increase [49]. The velocity distribution follows a Maxwell-

Boltzmann distribution given by

3 Lo
m, 2 _E A" YA
—— | e = 4-4),
272'ij P (4-4)

M(UA,T)=(

with M as the Maxwell-Boltzmann distribution, v, as nuclide velocity, m, as the

atomic mass, k as the Boltzmann constant, and T as the temperature.

The reaction rate F of a monoenergetic neutron beam hitting nuclides in thermal mo-

tion is given by the integral over all nuclide velocities v,

F= Iure,n No(v,y)-M(v,, T )do, (4-5),

Va

with n as the neutron density of a beam and N as the nuclide density. Introducing an

effective cross section o that depends on the neutron velocity one obtains
F=unNo, (0,T) (4-6).

Comparing equations (4-5) and (4-6) yields the equation to define the effective cross

section

U
O et (U’T): J- lr)el O-(Urel )M (UA’T)d Up (4'7)-
A characteristic of equation (4-7) is that it enables the conversion of a known effective
cross section at the temperature T to a temperature T' that is higher. This is done

with the help of Fourier transformation and convolution, to yield

Geff (U’ T ,) = J%Geﬁ (Urel ’T )M (UA ! T - T )d UA (4’8)

a

i.e. by averaging over a Maxwell-Boltzmann distribution of the temperature difference

(T'—T), one obtains the desired temperature transformation. If the energy depend-
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ence of the neutron flux density is known, the neutron spectrum ¢(E) can be used as

a weighting function for the average effective cross section over the whole energy
range, which is

[ o (E.T)p(EJE
oall)= [#(E)E

(4-9).

This is described in more detail in [49]. In the following, whenever o occurs, this effec-

tive cross section o is taken. For ease of reading the index “eff” will be dropped. A

typical neutron spectrum for an HTR is presented in Figure 5.
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Figure 5: Typical neutron spectrum of a pebble bed with increasing burn-up

While the microscopic cross section only provides the interaction of one neutron with
one nucleus of interest, the macroscopic cross section provides the interaction for an

ensemble of nuclides; say the fuel region with UO, or Plutonium dioxide (PuO,).The

effective macroscopic cross sections 2 depend on neutron energy and on the energy

(temperature) of the atom it interacts with.
> (F,E,T,t)=N(F,t)-0,(E,T) (4-10)

In the equation above, N(F,t)is the nuclide density, GX(E,T) is the effective micro-

scopic cross section, and ZX(F, E,T,t) is the macroscopic. The subscript x is the re-
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spective interaction type which can be total, absorption, fission, scattering, capture or
other; E, T and t denote the respective dependencies of the parameters energy, tem-
perature and time. The change of the nuclide density due to operation of the reactor is
referred to as ‘burn-up’. With increasing burn-up, the amount of fissile material de-
creases while the thermal flux and the fission product content increases. For this work,
the explicit dependency of the macroscopic cross section on burn-up is neglected,
since it is a slowly varying parameter (in the order of days, to weeks), whereas the
transients that are considered are on much smaller time scales (seconds, minutes).
Only some re-criticality calculation can be in the order of days. But for these transients
there is no significant power production present, only decay heat, and, hence, no signif-
icant change of nuclide density will occur due to burn-up. Changes of nuclide densities
originate mainly from decay of short-lived fission products. For time dependent prob-
lems, the fission yields of lodine-135, a precursor of the reactor poison Xenon-135, are
solved analytically to account for xenon poisoning when load changes are imposed.
Also, for a comprehensive analysis, the inventory of Pu-239 and Samarium-149 and
their precursors Neptunium-239 and Prometium-149, respectively, must be determined.

The decay heat that is produced by fission products and actinides is basically included
in the cross section generation but is not a variation parameter for cross section pro-
cessing. Here, the dependencies for a core region are fuel and moderator temperature,
fast and thermal buckling, xenon density and, if necessary, hydrogen density (for water

ingress analysis).

The neutron spectrum, i.e. the energy spectrum of the neutrons within a reactor com-
prises several orders of magnitude, see Figure 4. A usual approach is to subdivide the
energy range into a - preferably huge - number of discrete energy groups. For mul-
tigroup 3-D modelling, the number should not be higher than 20-30 energy groups for
reasons of computational time. But these groups have to be averaged over realistic
neutron spectra. Multistep-multigroup procedures can be applied if high orders for

transport cross section are needed.

A special treatment is needed for the complicated region of resonances. For the region
of unresolved resonances the method of Bondarenko with a background cross section
is applied [50]. For the resolved resonance range the slowing down equation is solved
for approximately 10,000 — 20,000 energy points. Afterwards, these cross sections are
homogenised such that both the reaction rates and the collision probabilities yield the
same results as if the resonance region would be calculated point-wise. In general, the
higher the number of energy groups, the more detailed the result, but more computa-

tional time is needed since for each group a balance equation has to be solved. When
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a large number of groups is used, they will be condensed on so-called ‘few group’

cross sections (say 13 neutron groups, four of which are in the thermal range).

To provide a set of parameterised cross section the Nuclear Energy Agency (NEA)
computer programme MICROX2 [51] is used for generation of microscopic cross sec-
tion. MICROX2 accounts for the special nature of the fuel, i.e. the coated particles in
random dispersion within a graphite matrix coated by a fuel free graphite shell which,
again, is surrounded by the coolant helium and, if applicable, fuel free dummy graphite
spheres (needed for start of operation to compensate for excess reactivity) . To provide
macroscopic cross sections the HTR steady state programme ZIRKUS/THERMIX [32]
is used. The computational sequence of the modular ZIRKUS/THERMIX program is (in

order of appearance):
a. Nuclide densities of fresh fuel and reflector (only once in the first run)

b. Microscopic cross sections for the reflector and the fuel element (only once in
the first run)

c. With the nuclide densities and the microscopic cross sections, the macroscopic
group cross sections are calculated (only once in the first run)

1. Load and reload of fuel elements, mixing of nuclide densities to account for
pebble flow within the core, and spectrum calculations.

2. Re-calculation of microscopic cross sections of the fuel element (only after the

second run)

3. Re-calculation of macroscopic cross sections for the fuel (only after the second

run)
4. Calculation of Dancoff factors
5. Solving of the diffusion equation, determination of the neutron flux
6. With the neutron flux, the power distribution is determined
7. A module to compute the burn-up of the fuel follows.
8. With the then determined burn-up, the decay heat is calculated

9. After all these steps the computational grid is interpolated from the neutronics to

the thermal hydraulics computational grid

10. Calculation of solid and gas temperatures, after obtaining the solid tempera-

tures (surface temperatures) the particle temperatures are determined
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11. After the calculation of temperatures, they are interpolated back to the neutron-

ics grid

This sequence is repeated until the pebble bed reaches an equilibrium state, i.e. after
one reload step the nuclide densities of a burn-up zone does not change anymore. The
three steps at the beginning (a,b,c) are only performed once in the beginning, the steps
2 and 3 are executed from the second run, since temperatures change and this will

lead to a change of fuel, moderator and reflector temperatures.

From the equilibrium core, the nuclear cross sections are generated for the neutronics
code TORT-TD for transient application to the HTR-PM which is shown later in this
work. For this reactor geometry, ZIRKUS used 13 neutron groups for the equilibrium
core which were condensed to 7 groups for transient calculations. Also, the cross sec-
tions were spatially averaged for the reflector part, to reduce the number of material
zones to be accounted for. In the core region, the burn-up zones that approximate the
pebble flow are replaced by regular cylindrical volumes, see Figure 6. For the core, the
number of zones increased slightly from 144 zones in the ZIKRUS calculation to 154
material zones in the TORT-TD calculation. These works, together with cross sections
that account for steam content within the core as consequence of a steam generator
tube rupture were not performed by the author, but by a colleague: Johannes Bader.
However, the explanation is added to clarify how the cross sections for TORT-TD were
generated for transient purposes.
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Figure 6: Left: sub-division of material zones in ZIRKUS, in the core region the flow lines of the
pebble bed are visible, right: sub-division of material zones for TORT-TD [30]
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4.2 The multiplication factor and the reactivity

The multiplication factor k, of a neutron multiplying medium is a measure for the ten-

dency to decrease, increase power or to remain in a steady state. The meaning of the

multiplication factor k, is: for each neutron absorbed in the system, k. new neutrons

will be produced. For a critical system, the power produced remains constant and the

multiplication factor is k =1, i.e. each neutron lost will be replaced by a new one; the

overall population remains the same. To characterise a system that deviates from a

steady state, the reactivity p, is introduced.

Ky —1

€

kef‘f

Pr =

For a critical reactor, p, equals zero since ke equals 1. The reactivity is a dimension-

less parameter. In literature it can be also given as percentage, or in multiples of the
delayed neutron fraction in so-called dollars (1 $ = 1 B) of a considered system or in
percent millirho (pcm). (Note: p is also the variable for the density in the thermal fluid

dynamic calculation, therefore the index r is added) [52].
Systems that have a negative reactivity are called sub-critical, the self-sustaining chain
reaction dies out eventually. Systems that have a positive reactivity are referred to as

supercritical. Depending on the extent of the reactivity - greater or smaller than the de-

layed neutron fraction — the system is called delayed supercritical, if p< £ the in-
crease will only increase with the delayed neutrons, or prompt supercritical p > £ if the

system also increases with the prompt neutrons coming from fission. The prompt su-
percritical state leads to a massive increase of the neutron population and must be

compensated by internal feedback mechanisms described in the following chapter.

4.3 Important feedback mechanisms in high temperature

reactors

The macroscopic cross section multiplied by the energy dependent neutron flux yield

the reaction rates F at temperature T
Fo=2,, (T)= jz (E, T )¢(E WE (4-11)

The reaction rates change with temperature, e.g. if the flux remains the same and the

temperature leads to a decrease in the macroscopic cross section, the resulting reac-



28

tion rate will reduce. These reaction rates will vary when temperature or the nuclide
density of the system changes. Important feedback mechanisms in HTR are the fuel
temperature effect, the moderator temperature effect, and the reflector temperature
effect. The moderator and reflector are both made of graphite, but for the distinction of
the two different effects, the graphite of the fuel spheres is referred to as moderator

whereas the graphite of the reflector bricks is referred to as the reflector.

0
e The fuel temperature feedback (also referred to as Doppler Effect), 6%: Some

f
materials like Thorium-232 (Th-232), U-238 , Pu-238, Pu-240, Pu-242 are reso-
nance absorbers which means that in the resonance energy regions of these nu-
clides, the absorption cross section is dominating the total cross section of the re-
garded nuclide, the likelihood of absorption increases with temperature. As most of
the energy is released inside the fuel (~95%, the rest is gamma heating), a power
increase will instantaneously lead to an increase in fuel temperature (U-235 & U-
238) which in turn leads to an increase of absorptions in non-fissile material (U-
238). It is the most important feedback in HTRs since the average fuel temperature
can increase by several hundred degrees. The fuel temperature feedback is nega-
tive [24] [49].

0
e The moderator effect, 8? .

: The temperature of the moderator material (graphite of

m
fuel spheres) determines the location (in energy) of the thermal flux peak. If the
temperature is increased the spectrum hardens and moves the peak to higher en-
ergies having a negative impact on the 1/v-range (the thermal peak in Figure 5
moves to the right). The moderator effect is in the range of seconds to minutes and
has a negative feedback for temperature increase if uranium is used as fuel. (For
plutonium or plutonium and minor actinide fuel which are not considered in this
work, this feedback can be positive, since the thermal peak of the neutron spectrum

shifts into a fission resonance of the Pu-239, see [27].)

9P

r

e The reflector effect, : The large mass of the graphite reflector of which all the

load-carrying structures are made of has a great heat capacity and, hence, big time
constants for heat up. Here, the manufacturing impurities are of importance. Impuri-
ties are accounted for by means of a boron equivalent, a 1/v-neutron absorber. Un-
like the moderator effect, the shift of spectrum to higher energy will lead to a de-
crease of parasitic absorptions within the moderator. Hence, a temperature in-

crease will lead to a decrease in 1/v absorptions. The reflector effect — because of
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the great volume of graphite — has large times of onset, in the range of hours. The
reflector feedback is positive [27], but does not occur at the same time like fuel and

moderator effect, but with a delay.

0 .
L: If an HTR concept — like the HTR-PM —

Ingress of steam as moderator,
amHZO

employs a steam generator where the water pressure (135 bar) is far above the he-
lium pressure (70 bars), a break in a steam generator tube or the whole steam
generator plate will lead to ingression of water into the primary circuit. Depending
on the location of the break, water or steam will pour into the helium side of the
steam generator. With the helium blower running, the steam will be transported to
the reactor pressure vessel thereby increasing the moderation of neutrons, first,
because the HTR-PM is under-moderated, and secondly, because water slows
down neutrons more effectively than graphite. At the same time the leakage to-
wards the reflector will be reduced. (Note: Liquid water or droplets will not enter the
reactor pressure vessel since large water masses within the steam generator will
stay there due to its geodetic location below the reactor pressure vessel; water
droplets that are carried by helium or steam will be effectively separated by the ro-
tating impeller of the blower, see [53]). For smaller amounts of steam until approxi-
mately 1,500 kg in the primary circuit - as expected for steam ingress - the feed-
back is positive. But this is only a theoretical value, because higher amounts of
steam are unphysical, since at the time of ingression at nominal pressure the core
cannot contain more than 600 kg. Theoretically, if the already physically impossible
amount of 1,500 kg is exceeded, the positive effect of the water would be compen-
sated by increased absorptions due to the steam. The use of a steam generator
excludes the use of plutonium fuel since the resulting power increase would be un-
bearably high [27]. The change of reactivity with steam mass in the core region is
depicted in Figure 7.
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Figure 7: Increase of reactivity in the HTR-PM cross sections with increasing water content with-
in the core region. The impact of steam on the reactivity was analysed with the ZIR-
KUS/THERMIX system [32] .Note: From the steam content within the core, the respective hy-
drogen content is calculated, and added to hydrogen from corrosion if present. The hydrogen

density is then taken as a variation parameter for the cross section re-evaluation, see Figure 8.

These feedback effects are important for the understanding of the transient behaviour
of the analysed systems (PBMR, HTR-PM) presented in chapters 1 and 1 and explains
why the HTR concept behaves so moderately, even in cases with unfavourable condi-

tions like a control rod ejection.

4.4 Coupling Neutronics and Thermal Fluid Dynamics via a

common interface to create an HTR simulation system

In order to create a HTR simulation system that has transient 3-dimensional capabili-
ties for processes within the reactor pressure vessel, one needs at least four compo-

nents, see Figure 8:

1) a set of parameterised weighted nuclear cross sections that cover the whole
range of possible states the reactor can experience during a transient (for the
HTR-PM 10 fuel temperature, 7 moderator temperatures, 3 xenon densities and

3 values for hydrogen support points for macroscopic cross sections),

2) a 3-dimensional transient neutronics code to solve the neutron transport equa-

tion including the delayed neutrons within a domain of interest,

3) a 3-dimensional transient thermal fluid dynamic code to determine the tempera-

ture distribution within the reactor pressure vessel, and outside the reactor
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pressure vessel up to the reactor cavity cooling system and the heat transport
with the coolant,

4) an interface between the neutronics and the thermal fluid dynamics to ex-
change data between the mutual systems and if necessary to interpolate the

values to be transferred to individual respective computational grids.

Var: aftica/t_sol
Var: attica/powden ATTICA3D Units: K
Units: W/m3 1109.
et~ 6.078e+006 —
—-917.4
— 4.569e+006
B 7259
- 3.039e+006 TORT-TD
2 5345
— 1.520e+006
Common interface 3430
0.0000 ; :
Max: 6.078e+006 for data exchange mﬂxsll 1303

Min: 0.0000
15

| Power density >

Fuel temperature
Moderator 5
temperature,

Hydrogen density

z-axis (m)
~
o

% 0 2 4
B x-axis (m)

Interpolation of _5
Nuclear Cross Sections

Figure 8: Coupling procedure for TORT-TD and ATTICA3D, both the neutronics model (power
density distribution) and the thermal fluid dynamic model (solid temperature distribution) is
shown, the red frame on the ATTICA® side indicates the computational domain of TORT-TD,

obviously smaller.

4.4.1 Computation of a Steady-State of the Coupled System

A calculation starts with the neutronics calculation assuming an initial uniform tempera-
ture distribution. Alternatively, a previously calculated temperature and xenon/iodine
distribution can be read in. Then the cross-sections are evaluated for that temperature
and thermal fluid dynamic state and usually interpolated between the support points of
the parameterised cross section files. After interpolation of the cross sections, TORT-

TD starts with a steady state calculation where the multiplication factor ket and the
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power distribution is determined. Then, this distribution is transferred to ATTICA®® via
the integrated interface to TORT-TD that checks the grid of TORT-TD and ATTICA®®. If
the computational grids differ - which is usually the case - the values of the power dis-
tribution are interpolated to the ATTICA®® grid. This interpolation is done by volumetri-
cally averaging the values. With the interpolated power density distribution, ATTICA®®
calculates the temperature distribution of the solid and the gas (also masses, veloci-
ties). Applying the heterogeneous temperature model for the pebble fuel, a distinction
of moderator and fuel temperature is achieved for the pebble region. Outside the core
only one solid temperature (for the fuel free reflector) is calculated. The fuel, moderator
and reflector temperatures are passed to the interface that interpolates the values for
the TORT-TD computational grid. With the new temperature distribution, TORT-TD
evaluates the cross section for the temperature distribution and then re-calculates a
power distribution. This cycle is repeated until convergence is achieved. The default
threshold for convergence is set to 10°® for the relative change of power for a cell, but is
also an optional input parameter in ATTICA®® and can be set by the user (here,

5x107). This interaction is depicted in Figure 8. On the lower right, the red frame in the

ATTICA®® geometry indicates the extent of the neutronics calculation.

4.4.2 Coupled transient calculations

After obtaining a steady-state using the above mentioned procedure, TORT-
TD/ATTICA® starts the time dependent mode. Time steps are either provided by input
or ATTICA®® or TORT-TD. In both programmes, ATTICA® and TORT-TD there are
routines implemented to determine the time step size. While ATTICA®® applies a modi-
fied Newton-Raphson method with adaptable time step size that evaluates the trunca-

tion error and can in principle make huge time steps, the maximum time step size in

TORT-TD is restricted to a maximum time step size of At <2s. Therefore the cou-

pled system is also restricted to this time step size. However, this is

The transient mode is started by solving the time-dependent transport and conserva-
tion equations for a certain time interval (= 2 seconds) without change of other parame-
ters. I. e. all the equations are solved with the time dependent terms present; the solu-
tion has to remain the same. A measure to check if the solution can be regarded as

converged is the spatially resolved reactor period which has to reach large values

(o' >10* seconds).

TORT-TD starts executing the first time step, ATTICA® follows, because the response

times in neutron physics are generally much smaller than in thermal fluid dynamics.
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Otherwise ATTICA® will reduce the step size and transfers it via the interface to

TORT-TD. The coupled system will calculate problems within user provided time step

size limits (At <2S).

4.5 The neutron transport and diffusion tool (TORT-TD)

TORT-TD is a tool to solve the neutral particle (neutrons, photons) transport equation
of phase space elements in a considered reactor (fast reactors, thermal LWR, and
thermal HTR). It was originally developed as a steady state three-dimensional neutron
transport code to model processes within a reactor, to predict neutron flux in presence
of a neutron source, as well as for fluence calculations in buildings [46]. TORT was
enhanced for time-dependent capabilities by the Gesellschaft fir Anlagen- und
Reaktorsicherheit mbH (GRS) by introduction of a time dependent neutron source and
the delayed neutron precursor equations (and changing the name into TORT-TD) [54].
TORT-TD is a deterministic programme that applies the discrete ordinate approach to
solve the neutron transport equation for each phase space element in cylindrical or
Cartesian geometry. The neutron transport equation takes the angular dependence of
the neutron flux (anisotropic scattering) into account and is also valid for strong ab-
sorber regions and cavity regions. TORT-TD was enhanced for a neutron diffusion
solver for reasons of computational time and, therefore, to be able to cope with long-
term transients. Here, the transport equation and its implementation in TORT-TD will
be described briefly. To study the procedure in more detail, see [47] where general
procedures and enhancements for time dependency are described for the two-
dimensional transport programme DORT-TD, but the changes for TORT-TD are the

same, in principal.

The neutron transport equation is the balance equation of a phase space element ac-
counting for spatial, angular and energetic dependence of the neutron flux. Since the
neutron spectrum of a thermal reactor extends over several orders of magnitude on the
energy scale, it is a common approach to subdivide the range of energy into intervals,
the so-called neutron groups. The highest energy of neutrons is appointed the group

index g = 1, the least energy group has the highest index G, g =1,...,G.

The neutron density n(t) is a parameter that depends on a variety of other parameters.
It is more common to express the change of neutron density in terms of the angular

neutron flux ‘P(F,fz, E,t)= U(F,f!, E,t)- n(F,f), E,t), where v is the velocity of the neu-

trons, Q is the direction, E is the energy, and t denotes time. The change of neutron
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density with time can have many reasons such as fissions, absorptions, scattering,
capture or external sources. The neutron transport equation is a balance equation that
takes into account these processes. As starting point, the steady state Boltzmann
equation for neutron transport will be described and the introduction of a time depend-

ent source term and the modifications necessary will be explained:

O-ve(r,0,E)+ 3, (7, E)¥(F, & E)=
Convection Term Collision
[ 2.F.@ >0 E > EN(.Q EodE + (4-12)

Scattering

lzf?jvzf (7 EW(r EXE + (7.0, E)

—~r Source
Fission

where Q is the direction of a neutron, ¥ is the angular neutron flux, 2,2, and X,
are the macroscopic total, scattering and fission cross sections respectively, y is the
Maxwellian fission spectrum, the division by the factor 4r indicates the isotropy of the
neutrons generated by fission, v is the average number of neutrons born in fission, ¢

is the scalar neutron flux (angular flux integrated over all directions) since fission is
considered to be isotropic, and S is an external neutron source term. The first term in
the equation denotes the convection term. Here, neutrons are lost from the system by
spatial diffusion (leakage); the second term describes the loss of neutrons due to any
possible reaction (scattering, absorption, fission, capture). Both terms on the left side

form a sink for neutrons. On the right hand side, first there is the scatter term

jLﬁZJ?,f!’ S>QFE > E)‘i"(f,f)', E')dQ’dE’ which accounts for the scattering of neu-

trons into a distinctive direction with a distinctive energy (under consideration). The
second term on the right hand side is the neutrons generated by fission, and the third
term is an external neutron source. These are the elements of the neutron transport
equation; depending on the problem to be solved some terms can vanish, e.g. for a
region without fissile material the fission term disappears, for problems without external

neutron source the source terms is zero.

With the right pre-processing of nuclear cross sections and the right normalisation
techniques, it can be achieved that results yield essentially the same values as refer-
ence solutions like MCNP that treat the whole energy range in a point-wise manner

(especially the resonance region).

The multi-group approach introduces balance equations for each neutron group g that

subdivides the neutron energy range into a distinctive number of neutron groups. The



35

different balance equations are coupled via the fission term and the scattering term that

can scatter neutrons from group g’ =1,...,G into the considered neutron group g (from

the energy interval E’ into E and from the direction Q' into the direction Q). After
introducing the energy groups the dependency on the energy disappears and the equa-

tion transforms to

o

v (F,0)+z,, (), [F.0)=

v
4j r s o (r 0 oy + £ szfg W(F)+ S, (7. 2)

(4-13)

Delayed neutrons and time dependency

In order to introduce time dependency, it is necessary to also model the delayed neu-
trons to cover the kinetics of the reactor. The delayed neutrons are emitted over sec-
onds up to a minute by fission products, so called precursors, their fraction of the total
number of neutrons is /3 ; its numerical value ranges from 0.5 — 0.7 % for *°U fuel. The
number of precursor groups is arbitrary but the widely use of 6 precursor groups yield

good results, therefore in this work the number of delayed neutron groups is 1=1,...,6.

Instead of the whole fission neutrons coming from prompt fission with the prompt spec-
trum, the term @Ivzf (F,E)g(F, E)JE will be multiplied by (1- /), and the delayed
T

neutron fraction is introduced:

Sfission = Sprompt+ S

1-
:( ﬂ Zprompt J’ 2 r E dE+ﬁZZdelayed E)ﬂ,,C,(F,t)

delayed
(4-14)

The six groups of delayed neutrons all have their own energy spectrum, indicated by

;(fje,ayed. A, is the respective decay constant and c, (F,t) is the precursor concentration.

Also, a new set of equation is introduced, the six precursor concentration equations.

dc, (F,t)
dt

=— ¢ (Ft)+ ﬁiTvzf (F,E")g(F, E' t)dE’ (4-15)
RS 0

decay

production

The change of the precursor concentration with time is the precursor decay plus the

production, which is the fraction of the precursor group that is produced by fission.

With the above six equations, the time dependent neutron transport equation trans-

forms to
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il Vv dE + eayed F,t

The above equation (4-16) along with the six precursor equations (4-15) have to be
solved to model realistic time-dependent nuclear systems. The neutron transport equa-
tion can only be solved analytically for few selected problems. Generally, for larger het-
erogeneous reactor systems, numerical solutions are the only way of obtaining a solu-
tion. Therefore, the time derivative of the system of equations has to be approximated
with the help of the differential quotient.

Pt+At)-w(t) v —wl

1 d =
——YIr,QQ E t)= = , 4-17
v(E) dt (r ) VAt VAt @17

where W™ is the flux at time t+At, ¥ is the predecessor at time t, and for the

precursor equations:

_ (ns1) _ (n)
ici (7 1)~ C (t+at)—c(t) _c G (4-18)
dt At At

For TORT-TD an implicit or backward approach for the time discretisation is selected
that allows for larger time step size than with an explicit approach . The transport equa-

tion and the precursor equations with time discretisation and without external source

term are:

(g )- Q.o O [ 5, (@ 6B - B

U )l ¥ o

- Zprompt N\ 4N+l Zdelayed (n+1)

+ o _[vZf(E )p"dE +iZ=l: . (E)Ac,

and
Alt (c (n+1) _Ci(n)): i) +ﬂiIV2f (E"W"dE" (4-20).
0

Rearranging the above equations (4-19),

(4-20) and starting with the precursor equations such that all terms with (n+1) are
placed on the left, the terms depending on the previous time step (n) on the right yields

for the precursor concentration at time (n+1):
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Inserting this into the transport equation (4-19) and rearranging yields

5@ > O, E' - E W dQdE’

i+z LS oW vat LUy H
DAL 4z

Z rom t(E) o Zieae l B i ' n+l ' -
( Lol 3wy (1) ﬂiﬁvzf(w e - @22

1(1 - (n)
+ZZde|ayed A_I(A_t—FﬂJ Cin

The right side will be a so called time dependent neutron source
6 i -1
5= L g0 + 3 Hedae () i(imj c,” (4-23)
LAt = 4r At At
and a modified total cross section will be introduced

1
=—+2Z, 4-24
" DAL ( )

together with a modified spectrum

Az = 4r At

R D e T ) B

Inserting all these abbreviations into the equation (4-22) leads to the following equa-

tion:
EW+Q- V- = 5@ - O E > ENdQdE - ’(E)TvZf(E’)gﬁdE’:S’ (4-26)
0

Now, the problem was transformed in a way that the transient solution of the transport
equation is formally reduced to a source problem and the same solution methods as for
the external source problem can be applied. However, the time step size must be de-

termined.

Determination of flux at next time step

For the determination of time steps one assumes that the spatially resolved group flux-

es can be approximated by an exponential function

wit (r Q) v (r , f).) el (4-27)
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where «, (Ff!) is the inverse spatially resolved reactor period for group g which is

given by

(4-28)

The reactor period @' is the time when the power increases by a factor of
ex2.7182.

Using this spatially resolved reactor period will also allow solving problems where the
spatial flux is subject to strong changes. This reactor period is also used in TORT-TD
to determine the time step size of the next time step by evaluating the numerical trun-
cation error. TORT-TD has been validated for LWR applications with and without ther-
mal hydraulic feedback [54] [75][76].

45.1 Other features of TORT-TD

TORT-TD does not only have the option to solve the transport equation in the way de-
scribed above, but also offers the possibility to apply diffusion theory. This simplification
that leaves out angular dependence of scattering is less accurate and exposes defi-
ciencies in areas where strong flux gradients are present (absorbers). Also, the diffu-
sion approach needs an approximation for the flux on the boundaries of the computa-
tional domain. Here, use is made of the transport cross section. Generally, the results
of the transport equation are more accurate for the above mentioned reasons. Never-
theless, the diffusion option has great advantages with respect to computational times.
Therefore, the diffusion option is used for all transient calculations of the HTR-PM (wa-
ter ingress, ejection of one control rod). For the HTR-10 and the PBMR, the transport

option was used.

For transient calculations, additional equations to account for the lodine-135/Xenon-
135 dynamics are implemented. Xe-135 is by far the strongest neutron absorber and
accounts for approximately 2.8 % of reactivity [24]. When the reactor is running at con-
stant power, 1-135 and Xe-135 are in equilibrium. When the power is lowered, less |-
135 is produced and the 1-135 concentration will, in the long run, reach the equilibrium
at this reduced power level (lower). However, the I-135 decays to Xe-135. This leads to
a massive increase in the concentration of Xe-135 which leads to increased absorp-
tions in the xenon. This effect in reality has to be compensated by pulling of the control

elements.
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Every reactor — after a certain time of operation — produces decay heat because it has
a lot of fission products that emit particles and/or energy (alpha, beta, gamma, neutron
radiation). To account for this heat production after shutdown of the reactor, decay heat
production is implemented in TORT-TD according to the German industrial standard
DIN 25 485.

4.6 The thermal fluid dynamic tool (ATTICA®P)

The Advanced Thermal fluid dynamic Tool for In-vessel and Core Analysis in 3 Dimen-
sions (ATTICA®) is the thermal fluid dynamic component of the coupled HTR simula-
tion system TORT-TD/ATTICA®®. Its purpose is to compute the temperature distribution
of the solid and the coolant, along with the gas velocities within the reactor pressure
vessel and, outside the reactor pressure vessel, the heat transport by radiation, con-

duction or both to the final heat sink, the reactor cavity cooling system (RCCS).

ATTICA®® was derived by modifying a multi-phase core melt programme MESOCO that
allows for several different phases (solid, liquid and gaseous water, gas). Detailed de-

scription of method and models can be found in [100].

ATTICA®® makes use of the porous media approach where subdivision between the
solid and the fluid volume is done by the porosity parameter € omitting detailed geomet-

rical description of the respective phases.

\Y \Y
= gas  _ gas (4-29)
V olid +Vgas V

S total

Here, the porosity ¢ is the ratio of gas volume to total volume. The porous media ap-
proach assumes that a certain component is homogeneously porous throughout the
whole component volume. ATTICA®® allows for a thermal non-equilibrium between gas

and solid phase.

4.6.1 Conservation equations

In ATTICA® a mixture of multiple gas components can be simulated. The mixtures are
treated as ideal mixtures that are assumed to flow with the same velocity # . The mass

conservation equations are solved for each gas component:

2 () + V- (op,00)=0 (4-30)
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Here, ¢ denotes the porosity, p, the density of the gas mixture, u the velocity vector,

c, the mass fraction of component k. The single gas components are summed up to

yield the total mass conservation equation

%(gpg)+V~(gng)=0 (4-31)

with p, as the gas mixture density and U as the velocity. The momentum equation is

expressed by a simplified, steady-state approach according to Ergun [62]:

eVp= -R- &8 (4-32)

Here, p denotes the pressure, R the friction forces and g the gravitational accelera-
tion. The simplified equation can be formulated due to the fact that friction forces and

gravity body force are dominating over the inertial forces.

The energy conservation equation for the gas has the form

VT ]+Q

conv

(4-33)

g,eff

0 _
ga(pgeg)+v-(‘9pguhg):V[g-l

Here, e, hg and Tg denote the specific internal energy, specific enthalpy and temper-

ature of the gas, respectively. Heat fluxes due to convection and conduction are con-

sidered. An effective heat conductivity Kgyeff is applied in order to take into account ef-

fects of turbulent dispersion.

For the solid phase, the energy conservation equation is given as

(1_ 8)% (pshs) = V[(l_ ‘9) ’ ﬂ‘s,eff : VTS] - Qconv + Qnuclear (4'34)

Here, h, and T, denote specific enthalpy and temperature of the solid. Again, an effec-

tive heat conductivity for the solid is applied. Q. ~and Q are volumetric heat

conv nuclear

sources due to convective heat exchange between solid and gas and nuclear heating,

respectively.

4.6.2 Constitutive equations

The conservation equations give a set of differential equations that has to be solved

iteratively. For closure of the equations, to provide boundary conditions, heat transfer
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coefficients, heat conductivities, gas densities use is made of a set of constitutive equa-
tions.
4.6.2.1 Friction coefficients

The pressure drop in the pebble bed is calculated according to KTA-rule 3102.3 [82],

valid for the range of void fraction 0.36 < ¢ < 0.42, a diameter d of pebble to total
pebble bed diameter ratio of 5-d <D, a minimum bed height H > 5d , and a range of
Reynolds number 10° < Re/(1— &) <10°. These preconditions are fulfilled for a pebble

bed reactor, in general. The Reynolds number is calculated by

Wi
Re= A/ (4-35)

and the pressure drop for the pebble bed by the proposed KTA correlation

.\ 2
ﬁzﬂzqfl‘gli[mj (4-36)

A

Here, m denotes the mass flow rate, A the cross section area of the pebble bed, d
the pebble diameter, n the dynamic viscosity, dp the pressure loss for the part of the

pebble bed, dH height of the considered pebble bed part, ¢ the porosity, o the gas

density and ‘¥ as the friction coefficient that can be computed by

y, =30, O (4-37)

Re Re 0.1
1-¢ [1—5)

For the other parts the pressure drop is calculated an approach for smooth tubes with

the help of the pressure loss coefficient A which is given by the combined correlation

for laminar flow and the Blasius correlation of the Reynolds number for turbulent flow:

64

A, =—+0.3164 Re %% (4-38)
Re
and for the pressure drop
2
gRodp _, lpu (4-39)
dH d 2

with u as superficial velocity u

superficial — —_
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4.6.2.2 Equation of state and transport properties of the gas phase

The solution variables of the gas phase are the pressure p, the gas temperature Tg

and the gas component volume fractions ¥y, . In the case that multiple gas components

are simulated, it is assumed that Dalton’s law holds, i.e. sum of partial pressures of the

gas components yields total pressure:
P=2.p (4-40)

The partial pressures p, can be expressed by the respective volume fraction y, using

Pe=2c P (4-42).
The equation of state for the gas is of the form

p=rlp.T,) (4-42
and for the gas enthalpy h

h=h(p,T,) (4-43)

The properties of the gas mixture, consisting of N, components, can then be calculat-

ed:
NX
Py =P (4-44)
k=1
¢, =% (4-45)
Py
NQ
hy =>.¢-h, (4-46)
k=1
NQ
Cpg = ch “Cok (4-47)
k=1

with ¢, as the heat capacity of the component k, ¢, as the mass fraction of the gas

component k, and the index g as the property of the whole gas mixture

The density p of the gas component is then calculated by the ideal gas law for the

component k
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D, =P (4-48)

where R, is the specific gas constant of the component k for the gas or for pure heli-

um (without any other gas component)

Pre = pHe (4_49)

4.4486-10°°
R T, ‘(1+T1.2 J
9

as specified in [82] for the helium properties to be used for HTRs.

This approach of ideal gases can be used instead of using properties of real gases
since real gases behave like ideal gases under conditions of low concentration and

high temperatures [79][80], which is given in a high temperature reactor.
The gas enthalpy is calculated according to
h=h, +hp +h, (4-50)
with
hy=c,,(T,-T,) (4-51k)
as the temperature dependent enthalpy and T, as 273.16 K and for helium a pressure
dependent enthalpy

h, =Ry -5.3376-10° - (p, — p,)- T, *? (4-52)

with P, =1-10°Pa. For the other gases h, =0, and h,=0 for all gases except

steam h, = 2.0364709-10°J -kg™. Gases already implemented in ATTICA® are helium,

nitrogen, hydrogen, oxygen, air and steam.

Other gas properties for the above mentioned gases are given in the Table 3 below.



44

Table 3: Gas properties as implemented in ATTICA®®

Gas | Gas Heat Heat conductivity A | Dynamic viscosity 7,
con- capaci- [ W } ‘
Y g
tant R m- K —
3 )
| _J
J kg-K
kg-K
He | 2,077.3 | 5195 A=2.682-10" 7=3.674-107 *T%
(1+1.123.10% - p)
T 0.71:(1-2107* p)
H, 4128.1 | 14,985 | 4 =1.097.10°3T0878 T (0.674-0.03410°T,)
n=84.1.10" [—j
TO
N> 296.8 1,043 1=5.314.107 T 06898 T (0.753-1310°4°T, +0.4107*T,2)
7 =166.3-10"7 (—j
TO
O, | 259.2 943 1=1.853.107 T %87 T (0.760-1410T, +0.64107*T,%)
7=191.9-10"7 (—j
TO
Air | 287.1 | 10117 | A=02L4, +0.794,, | n=0.21-5, +0.79-1,,
H,O | 461.5 C,= A =-1.9793-10"° 17 =-3.1065-10"° -+4.07-10°T,
¢,(h,T,) +5126-10°-T

++4.9441.10° . T?

*Cona0=15763-10° + T, -(8.4430-10* ~1.27918-10* T, ).

4.6.2.3

Solid properties

ATTICA® has a data base for the commonly used solid materials in high temperature

reactors. Some of the solids are actually of gaseous nature, but in cases of narrow gas

filled gaps with low radiative heat transfer, this modelling can yield more realistic values

since the heat transfer is dominated by the heat conductivity of the gas.
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Table 4: Properties of the solids

Material Mass Emissivi- | Heat Heat conductivity A,
density ty J i
capacity C,, | —— [—}
kg kg- K m-K
o —3 Erad
]
Graphite | 1,740 0.8 c, =6.409332-10 A=20
moderator +3.028911-T
~2.927339-10°.T
+1.271449.10° T,
~1.979401-10%°.T,*
~1.64070-10**.T°
+5.711734-10"% .7 °,
T,in°C
Graphite | 1,790 0.8 10° A=20
¢ =—(1.239122
reflector *op
+3.376758-107° T,
—2.693509-107 -T,”
~3.429188-10°-T°
+6.1465372-10"2.T,*
~6.265853-10"°.T °
+2.534463-10%.T %),
Tin°C
uo, 10,400 0.85 ¢, =2.3769171 -10° A =8.96285275
+2.2857672 107 T, ~1.59467091-1072-T,
~2.3812001 -10°* -T2 +2.05935666 -10° - T,
- 3
+1.0315004 107 -T.° ~1.67532577-10° -T,
~8716-10%2.T " +7.89962261-1072.T,*
S ~1.92244449 107 .T°
+1.89402387 -10*° . T °
He 1.4 0.85 5,195 A=2682-10"°
(1+1.123-10° - p)
T 0.71(1-2107* p)
Air 1.4 0.7 1,006 A=514"T'
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4.6.2.4 Calculation of heat transfer by convection

For heat transfer between a free solid surface and an adjacent cell with gas (e.g. in the
cavity above the pebble bed) either a constant heat transfer coefficient & can be pro-
vided or a heat transfer correlation of Dittus-Boelter can be selected. The constant heat
transfer is usually used for boundary conditions while the Dittus-Boelter correlation can
only be used within the computational domain. The Dittus-Boelter correlation defines
the Nusselt number as

Nu = 0.023 Re®® Pr®? (4-53)

C .
with Reynolds and Prandtl number, Pr=—" i

., with ¢, as heat capacity, 1 as the

dynamic viscosity and A as heat conductivity. For the heat transfer coefficient

A-Nu
o=
d,

(4-54)

with 1 as the heat conductivity and d, as the hydraulic diameter.

4.6.2.5 Calculation of heat transfer by thermal radiation

The heat transfer in the void and especially narrow gaps (lgap<< hgsp) is calculated by
the Stefan-Boltzmann Law for the averaged zone temperatures T regarding the facing

area A:
Qrad = gradO-SBA(T14 _T24) (4'55)
with the power Q, &, as the emissivity of the surface and the Stefan-Boltzmann-

W

-8

Constant o 4z=5.67-10 {W} :

4.6.2.6 Calculation of effective heat conductivities

The energy conservation equations of both solid and gas contain terms with an effec-

tive heat conductivity A, . This effective heat conductivity has to be computed because

in the porous medium approach components with flow are characterised as homoge-
neous media with a distinctive porosity and a distinctive hydraulic diameter. E.g. for the

pebble bed, the porosity is 0.39 and the hydraulic diameter is 0.06 m. In the pebble

bed, A, takes into account the heat conduction through solid, the heat radiation, con-

vection, as well as gas conduction and radiation. The determination of A for different
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parts of the reactor geometry, and especially the pebble bed, are well described in [35]
[30].

4.6.3 The Heterogeneous Fuel Temperature Model

To capture the feedback of thermal hydraulics on neutronics a quasi-steady-state het-
erogeneous temperature model for the fuel pebble (Figure 9) is implemented. This
consideration is necessary, since fission heat is mainly generated in the uranium kernel
and not in the surrounding graphite. In fast transients, the temperature difference be-
tween the fuel kernel and graphite can be substantial. This pronounces strong feed-
back effects from the fuel Doppler temperature. In the heterogeneous temperature
model, the fuel is subdivided into an arbitrary number n of spherical shells, see Figure 9
and Figure 10, in this example n = 6. The heterogeneous temperature model was initial-
ly introduced by Hossain [35] but was modified for an additional layer, i.e. the layers
were all accounted for (kernel, buffer zone, PyC layer, SiC layer, PyC layer) and not
averaged. The different possible heterogeneous temperature models and their conse-
quence on the fuel temperature feedback were investigated in detail in [78] and the
conclusion is that there is only a minor difference in the time-dependent and quasi
steady state approach to solve the heat conduction equation. The assumption for the
investigation was a fast control rod ejection where the reactivity insertion was most
severe and the consequences of the temperature models were most pronounced. For
other cases like control rod withdrawal or water ingress the time for a particle to reach
temperature equilibrium with the surrounding graphite is short in comparison with the
time of the transient so the quasi steady-state model is considered sufficient. There-

fore, the quasi steady-state heterogeneous temperature model is kept.

5 mm fuel free graphite

Graphite matrix

Porous buffer

fuel particle

Pebble

Fuel particle

Figure 9: Subdivision of a fuel element when applying the heterogeneous temperature model
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Starting from the surface of the fuel element (i shell or graphite matrix, here i = 6), the
steady-state heat conduction equation in spherical geometry for each shell is solved

successively towards the fuel element centre (i-1% shell, then i-2" shell and so on).

d| ,,dT 2
—Ir’A—1=-Q, ,f 4-56
dr [ dr } Qinue .

with r as the radius, A as the heat conductivity, T, as the solid temperature and

Qi nuc s the volumetric power produced in the i™ shell (assumed constant over a shell).

The surface temperature of the fuel element is taken as the boundary condition to start
the calculation. Mean temperatures are calculated for successive fuel shells, until the
innermost shell. These temperatures, however, only apply to the graphite shells, not
the fuel kernels. Typical temperature profiles for the moderator temperatures are given
in Figure 10.

In order to determine the particle temperature within a shell, the respective shell tem-
perature of the surrounding graphite serves as boundary condition and the heat con-
duction equation is solved for the micro system once more, taking into account the dif-
ferent heat conductivities of the coatings of the particles (Figure 11). After fuel and
moderator temperatures are determined, the temperature values are averaged volu-
metrically and one fuel temperature and moderator temperature per thermal hydraulic
mesh is obtained to process nuclear cross sections. Thus, fuel temperature feedback is
much more pronounced than it is without the heterogeneous fuel temperature model. In
Figure 10 and Figure 11, typical temperature profiles during steady-state are presented

for a pebble in the central bottom part of the PBMR.

1020 Fuel free
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Figure 10: Temperature distribution after solving the heat conduction equation for the fuel peb-
ble, delivering boundary conditions for the coated particle temperature calculation

R et
=
1000 ~@-kernel 1
e N
Bl ~r n
980 ~i-kernel 2
:';_)' 0o -0 o - B 53— =
) O [~kernel 3
5 960
- O
© b-a O 0 kernel 4
g 940 —_————
€ ~@-kernel 5
2
920 —E—n

~—Boundary
900 j

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Coated Particle Radius [mm]

Figure 11: Temperature distribution for the representative kernels per shell. The blue bar on the
right side visualises the boundary condition after solving the heat conduction equation and is
coloured like the results of the graphite shells from Figure 10. The colouring at the bottom cor-

responds to the graphite layers in Figure 9

4.7 Numerical solution methods

The general numerical solution approach is to solve the partial differential equation
system that consists of the conservation equations of mass, momentum and energy of
the phases, together with the constitutive equation introduced above. The approach for
the numerical solution of this system in ATTICA® can be subdivided into two general

steps:

e The spatial solution of the equation system: In order to map the three-
dimensional space on a discrete grid, the solution domain is discretised spatial-

ly by making use of the finite volume method.

e The time integration is done by subdividing time into a sequence of time steps
approximating the partial derivatives w.r.t. time of the solution variables by dif-
ferences that are evaluated at the actual and previous time levels. In ATTICA®®

the method of backward differencing formulae is applied.

The implementation of the numerical solution methods was not done within this work.

For a description of the methods, see Appendix, chapter 9.1 and in more detail in [100].
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4.8 Extensions for air and steam ingress

In an HTR, graphite is abundant within the fuel and the reflector structures. Since
graphite is a special kind of carbon, it will react with either oxygen or steam if certain
temperature thresholds are exceeded.

Chemical reactions depend on temperature. At low temperatures, i.e. below a certain
threshold temperature there is no chemical reaction. For graphite consisting of graphi-
tised carbon and binder the microscopic structure is formed by grain with crystallites
and micro-pores which are kept together by binder material. The binder, due to the
manufacturing processes, contains macro-pores as a consequence of the disappear-
ance of volatile substances. Graphite is therefore a material with a porous structure.
When corrosive substances like steam or oxygen encounter hot graphitic surfaces
chemical reaction can occur. For corrosion of nuclear grade graphite with oxygen the
threshold temperature is 450°C, for corrosion with steam this temperature was found to
be 850°C, [59][62][68][69].

Above the threshold temperatures, there are three ranges of corrosion:

a. The chemical kinetics controlled regime: the temperature of the reaction surface
is low enough that diffusion of the reactants is possible throughout the volume,

the corrosion attacks the volume of graphite nearly homogeneously

b. The in-pore diffusion controlled regime: with elevated temperatures, the reac-
tants can only diffuse a short distance within the graphite before undergoing re-

action, this leads to the formation of a corrosion profile.

c. The boundary layer diffusion controlled regime: at very high temperatures, all
corrosion takes place in a thin boundary layer outside the graphite,

The range of temperatures for air and steam ingress is presented in Table 5

Table 5: Temperature dependent regimes for corrosion

Air ingress [86]

Steam ingress [87]

Chemical range < 700°C <900 °C
In-pore diffusion range 700 — 1,000°C 900 — 1200°C
Boundary layer diffusion >1,000°C >1,200°C

controlled regime




51

2
©
i
=
S
8
:"7—’
©
=
©
5 Mode (c): , Mode (b): : Mode (a): :
Boundary-layer diffusion | In-pore diffusion : Chemical kinetics :
controlled regime i controlled regime ! controlled regime ;
\ ‘ 104/ T}
e | ] 5
sle i s s z z
£ T Y 1 1
@ ' : : ]
2 i : | :
§ - : : !
: i Clx : 5
E S : o : :
g e : ; i
= i3 : : i
x c ' ' ]
©l i3 i i
K ;

Figure 12: Phenomenology of the graphite corrosion [88]

The most important temperature range for corrosion is the in-pore diffusion controlled
regime, for which most of the experiments were performed. Since the chemical range
exhibits great uncertainties and low corrosion rates, and in the boundary layer diffusion
controlled regime corrosion rates only increase slightly with temperature, only the in-
pore diffusion controlled regime is implemented in ATTICA®. The corrosion rates for
the higher temperatures are overestimated by using the correlation for the in-pore dif-
fusion controlled regime which gives conservative estimates. Also, the regime with ele-
vated temperatures is always surrounded by regions of lower temperature where the
correlation described below is appropriate. In cases of air ingress, the regions of the
boundary layer diffusion range will not see any oxygen needed for the oxidation in case
of steam corrosion, the reaction rates are conservatively overestimated. In the 1980s
and 90s, significant efforts were made to determine the reaction rates of different can-
didates for both fuel and reflector graphite (A3-3, A3-27 as fuel sphere materials,
V483T, ASR-1RS, ASR-1RG, ATR-2E as reflector graphite). This chapter will describe
the introduced modifications needed in order to be able to properly address air and

especially water ingress simulations. The latter is important since steam ingress leads
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to an increase in moderation and also has long term effects (corrosion of graphite in
presence of steam) that can weaken load-carrying structures. The relevant reactions

for the air ingress are given in Table 6 below; for water/steam ingress see Table 7.

Table 6: Relevant reactions for the air ingress

Reaction AH kJ homogeneous/heterogeneous,
] @ .
primary, secondary
2.C+0,>2-CO -221 heterogeneous, primary
C+0, »CO, -393.3 heterogeneous, primary
2-.CO+0, »2-CO, —565 homogeneous, secondary
CO,+C —2-CO +172.47 heterogeneous, secondary

Table 7: Relevant reactions for the steam ingress

Reaction AH |:k_J:| homogeneous/heterogeneous
kg

C+H,0—>CO+H, +131.31 heterogeneous, primary

CO+H,0—>CO,+H, -41.6 homogeneous, secondary

CO,+H, >CO+H,0 +41.6 homogeneous, secondary

CO,+C —2-CO +172.47 heterogeneous, secondary

In Table 6 and Table 7 above, the relevant reactions are presented. Here, the occurring
reactions are classified in heterogeneous/homogeneous and primary/secondary reac-
tions. l.e. the primary reaction is always the reaction of the gas (oxygen or steam) with
the hot graphite and hence, heterogeneous since the gas phase reacts with the solid
phase. Homogeneous means that gases react in the free gas volume which is inde-
pendent of the provenience of the graphite. For the water ingress, there can also be

methane (CH,) production, but the precondition is high hydrogen partial pressures.

This can be excluded for water ingress since the steam partial pressure is only a frac-
tion of the total pressure (4 bar partial pressure compared to 74 bar of total pressure,
[25]).
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4.8.1 Introducing new gas components, chemical heat and enthalpy
transport into ATTICA®P

In order to capture the produced gas masses additional terms are introduced in the

total mass conservation equation. The new terms are highlighted in red.

In ATTICA®, a mixture of gas components can be simulated. Multiple gas types are
implemented and can be used (steam, CO, CO,, nitrogen, air). Time dependent, com-
pressible mass conservation equations are solved for each component of the gas
phase:

%(gpgck)+v-(gpgckl]):: m, (4-57)

Here, & denotes the porosity, Py the mass density of the gas, u the velocity vector,

C, the mass fraction of component k and m, the volumetric mass production or con-

sumption rate of component k due to chemical reactions.

Total mass conservation equation:

opy) | div(gp ) = Z(zmkj (4-58)
at k=1 \_ n=1

with k =1,...,n,

Here, on the right hand new terms are introduced, the produced gases. ¢, denotes the

mass fraction of the component k and m, is the generated gas mass per second. The

sum operator comprises the mass sources from all possible chemical reactions from

n=1...,n Also, for each new gas component k, that is water(steam), hydrogen,

reac*
carbon monoxide and carbon dioxide, a separate mass conservation equation each is
used to ATTICA®P. Here, use of the equations for more than one gas component was
made as in MESOCO [74].

Mass conservation equation for the single component:

APai8) | iy(gp, e, )='S i (4-59)
n=1

nC
with ¢, = M and ch =1

total k=1
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Here, the newly introduced terms are on the right hand side are similar to the total
mass equation but only for a single component. In the water ingress case there are four

reactions considered.

In the energy equations of both solid and fluid new chemical heat sources are intro-
duced. Depending on the nature of the reaction (heterogeneous or homogeneous) dif-
ferent heat sources are used. In the heterogeneous case, chemical heat will be added
to the solid, whereas in the other case the heat is added to the fluid. Unlike in literature,
chemical heat by endothermal reactions will be subtracted from the solid or fluid; chem-
ical heat of exothermal reactions is added. For the fluid, an additional enthalpy

transport for the different components is considered.

Energy conservation for the gas:

nreac " nc nreac

'VTQ]+Qcon + ZQ +Z Zm‘?hk 4-60)

n=l  chem,hom k=1 n=1

0 _
ea(pgeg)+v-(gpguhg):V[g-/l

g eff

Energy conservation for the solid:

nreac "

(1_ ‘c")g (ps hs) = V[(l_ 8) ’ ﬂ“s,eff ) vTs ] - Qconv + Qnuclear + ZQ (4-61)

n=l  chem,het

The momentum equation is not changed.

In order to obtain the heat produced or consumed by chemical reaction, experimental
data had to be obtained. Here, mainly contributions of the Jilich research centre from
the early eighties and nineties were used, see [62][66][68][73]. It has to be mentioned
that compared to the experiments performed for air ingress only a small data base is
available. This is owed to the fact that corrosion with steam has far less tendency to

weaken the graphitic parts compared to air ingress.

It could be shown experimentally that the corrosion behaviour can be described best
with a Langmuir-Hinshelwood equation. This equation uses Arrhenius terms, but also

accounts for inhibiting effects of product and educt gases on certain reactions.

Langmuir-Hinshelwood equation [66]:

_ Ea
kOl EXp (F\’Tl) " Peduet * f (Burn —off ) * Protal

—-E -E
1+ kOZ exp[ 22 j ‘v Pequer T k03 EXp (E‘Sj Y pproduct

R-T R-T

RR = (4-62)

Here, RR is the reaction rate of a component, e.g. graphite reacts with H2O in form of

steam, but this reaction will be slowed down by the abundance of hydrogen. ko, de-
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notes a so called frequency factors, the exponential term contains the activation energy
E.:, the general gas constant and the temperature (Arrhenius term). The Arrhenius
term is multiplied by a function of burn-off f(burn-off) of graphite. This value ranges
from 0.2 for the un-corroded graphite up to 1 for maximum graphite burn-off. The phys-
ical reason for this is the opening of previously closed pores within the graphite, offer-
ing an increased internal surface for reaction. Also, the partial pressure of the educt
and the product are relevant, and the equation can contain a dependence on total
pressure pia- IN the denominator, one finds two Arrhenius terms multiplied by the par-
tial pressure’s square root. Depending on the material and the chemical reaction con-
sidered, these inhibiting terms have to be taken into account. For the different graphite
types the corrosion behaviour can vary; inhibiting terms may be zero for some graphite

specimens.

4.8.2 Water ingress

For the modelling of corrosion due to water ingress experimentally determined reaction
rates are employed. These comprise the heterogeneous reactions, since the homoge-
neous reactions (reaction of carbon monoxide with steam) do not depend on the nature
of graphite, i.e. the carbon monoxide does not remember its provenience. The correla-
tion of the primary heterogeneous reaction (eq. (4-63)) is valid for a H,O partial pres-
sure range of 0.03 bar < py20 < 5 bar and a graphite burn-off of approximately 2%.

Primary heterogeneous reaction:

The primary heterogeneous reaction (C +H,0 —CO+H,) yields a graphite reaction

rate RR of:
RR. . = 319 mg _ 9 |(4-63)
Graphite 147510 exp(lZl,OOOj 09 04 cm?-h  3.6-10° m?-s
' 8.315.T ) ' "HO

This correlation is taken out of [68] and will be used as graphite corrosion rate for
steam with graphite. Here, pu2, pr2o denote the partial pressures in bar. There are other
correlations but these were determined for varying total pressures and graphite burn-off
whilst keeping the steam partial pressure constant (at 474 mbar), no partial pressure or

temperature dependency is derived, see [69].

With knowledge of the amount of corroded graphite, the gas masses produced (CO,
H,) and consumed (H,O) in the primary heterogeneous water-shift reaction (C + H,O -

CO + H,) are easy to determine by stoichiometry. As the units of eq. ((4-63)
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are given in kg/s, one only has to multiply the gas mass with the molar mass ratio of

M M . . o

M—CO or M—Hzto obtain the produced masses of the subsequent chemical species in
C C

kg/s. Also, the nature of the reaction has to be checked. When 1 mole of CO and H,

are produced each, 1 mole each of H,O and C are consumed. So, for known graphite

corrosion rates the subsequent produced/consumed gas components are:

m, —-RR

Graphite =

- surface (4-64)

Graphite
For the consumed steam:

M H,0

Graphite * M
C

Mo =M (4-65)

For the produced hydrogen:

mH2 = _mGraphite'I\'\/:l—T (4-66)
For the produced carbon monoxide:
Meo = _mGraphite ) '\|<I/I—CCO (4-67)
For the chemical heat (endothermal):
Quemco = Neo *AH =g -(— 131.3%) [%} (4-68)

Secondary homogeneous reaction:

The reduction of water in presence of carbon monoxide (CO + H,0 — CO, + H,) and

vice versa is a well-known reaction and was investigated in [60][61]. This reaction only

happens in the gas phase.

For the reaction CO+H,0 — CO, + H, the corresponding reaction rates are, [60][61]:

2.32-10™ -exp(— 33’000j “Ch0 *+Ceo

. T mol
Neoa = n { 3 } (4-69)
J1+12:10°-C,, 'S
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In the above equation the concentrations C, are absolute concentrations, but divided

by their units to be dimensionless, and differ from the relative mass fractions introduced
in the chapter before. The absolute concentration above for the component k is calcu-
lated by:

C, = 4-70
=M, (4-70)
with /@ as the average density of the gas mixture.
From the production of CO, the reaction rates are determined as follows:
Mco, =Neo, *Vgas Mo, (4-71)

Average porosities are e.g. 0.39 within the pebble bed, 0.2 for the helium risers and so

on.
For the H,:
M
My, =Meg, - —— = (4-72)
’ I\/ICO
For the CO:
, M
Mo = —Meg, - M = (4-73)
co,
For the H,O:
. .M
Mo =—Meo, - MHZO (4-74)

For the chemical heat (exothermal):

) ) kJ kJ
Qchem’c02 =Neq, -AH = Neo, - 41.2— — (4-75)
mol m
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For the opposite reaction CO, + H, - CO + H,O, see [60][61]

12 28,200
2.9-10 -exp[— = j’ccoz'JCHz [mol}

n =
H0 1+3.6-10°-C, m*.s

Here the corresponding equations are

For the H,:
; M
My, =—Myy0 M H
H20
For the CO:
. ) Mo
Meo =—Myp0
M H20
For the CO,:
, ; M
Meoz = —Myyz0 - M co2
H20

For the chemical heat (endothermal):

: . kJ kJ
Quhem 20 = Npao *AH =1y 50 '[— 41.2m—0|j {F}

Secondary heterogeneous reaction (Boudouard reaction, endothermal):

CO,+C —>2-CO, -172.47kJ/mol

The corresponding equation for the Boudouard reaction rate is [72]:

(4-76)

(4-77)

(4-78)

(4-79)

(4-80)

(4-81)
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14.5-exp (— 251?00]. Peo,

1+3.4-10° exp [73_0()) -/ Peo,

It is questionable if this correlation holds in the higher pressure range, since it was de-

RRC = 2

-2
{ ng _10 kg} (4-82)
cm°-s  m°-s

termined for 1 bar pressure and is more relevant in the case of air ingress since there

the temperatures are expected to be higher.

Mgraphite = —RRcoz - surface (4-83)
for the CO,:

, , M

Meo, = mGraphite' IVTOZ (4'84)

C

for the CO:

, , M

mCO =2 mGraphite : MCO (4'85)

C

and the chemical heat removed from the system:

kJ
=N.-AH =n.-| -172.47— 4-86
Qchem,Boudouard C C ( molj ( )

4.8.3 Calculation of reaction surfaces and volume

Since reaction rates are either provided for a reaction surface (heterogeneous reaction)
or for a reaction volume (homogeneous reaction), the respective surfaces or volumes
have to be calculated. For the region of the pebble bed the surface is

6V l-¢
Apebblebed = Iclj( _) (4-87)
h

with V

cel

, as volume of a considered cell, ¢ as porosity and d, as hydraulic diameter.

For cases outside the pebble bed the surface is calculated according to

— 4'Vcell &
d,

A (4-88)
For reactions that occur between gases, the free gas volume is used instead of the

surface, which is given by

Vv Ve - & =Vas (4-89)

reaction — Y cel
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4.8.4 Implementation of the graphite burn-off

The graphite burn-off is the relative mass loss due to corrosion of graphite in the fuel or
reflector region normalised on the initial solid volume/mass. This parameter tracks the
integrated corrosion values over time. It is computed by (explicit approach):

M, -dt
cell timestep — (1—8)V

cell

burn — off (4-90)

with dt as the time step.

After computing the burn-off of one time step in ATTICA®®, the integral value is simply

the sum of the burn-off of the actual burn-off results.

max_timestep

Z burn— Oﬁcell timestep (4'91)

timestep=1

burn — off

cell total =

4.8.5 Airingress

In an air ingress accident, a mixture of 79 % nitrogen and 21 % oxygen enter the pri-
mary circuit and eventually the reactor pressure vessel. Since nitrogen is an inert gas,
only the oxygen contained in air will undergo corrosion with the reflector and fuel ele-

ment graphite. Here the reactions presented in Table 6 are considered. The production
of CO and CO, are two competing reactions with different production ratios at differ-

ent temperatures.

a-C+b-O, »x-CO+y-CO, (4-92)

. nCO . . : .
The ratio ¥, 4 = E is implemented according to Rossberg and Wicke for coal of
n 2

type 513 [86] as default, two others are available, a second correlation from [86] and
one from Arthur [85]. Experiments have shown that the default production ratio is most
suitable for problems concerning corrosion of nuclear grade graphite in an oxygen at-

mosphere [77].

nCoO :103,27'6)@{ 14,300 J 43)

Prod T hCO, 0.239 Ry, T,

Rearranging the reactions and the production terms for one component, e.g. CO,, the
other component CO can be expressed in terms of the remaining reaction of the cor-

roded graphite. In the corrosion experiments, the mass loss of the graphite samples
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was measured. From the results, pressure and temperature dependent reaction rates
were derived. In ATTICA®, the user can select different types of nuclear grade graph-
ite for both pebble and reflector material that are already implemented. Additionally, the
user can specify deviating graphite data via input. The implemented graphite speci-
mens and their corresponding corrosion rates are taken from [93][94][95][96] and pre-

sented in the following

Table 8: Reaction rates of different graphite specimens with O,

Graphite type _ { kg }
Reaction rates , >
m<-s
A3-3 —
2.34.107 -exp(lz’%oj' Po
RR,,,=- T :
fuel matrix A3 1569
1+0.0039-exp (T} "+ Po,
A3-27 -
0.178-1072 ~exp( 911768j " Po,
fuel matrix RRps 07 =— 14;
1+ 0.0143-exp(_|_j' Po,
V483T _
RR, o5 =—0.7-107 -exp(@j- .
ASR-1RS RR rirs ®—0.9:107-RR, 4o
ASR-1RG RR rire ®—1.6-107-RR, oo
ATR-1E RR e ®—2.1-107-RR, 4oqr
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For the Boudouard reaction, the correlation for the matrix graphite A3-3 is implemented

according to Moormann [93]:

S

14.5-10°? -exp(

: 7,000
1+3.4~105~exp[ - J-\/Bcoz

S

— 25,000
—==2 1 Peo,

R|:2A3—3,Boudouard == (4'94)

Since the Boudouard reaction is significant above 950 °C only, the correlation is for the
fuel matrix graphite only. In accidents, only the core region can have temperatures far

beyond that temperature.

4.8.5.1 Mass changes for solid-gas reaction

With given reaction rates of graphite, the production rates for CO and CO, can be

derived by some stoichiometry and the production ration ¥ presented above.

For the CO, produced

"RR..A M
Meo, = RRc A Moo, [ kg (4-95)
l+\PProd MC S

where m.,, denotes the mass change in CO,, M. and M_,, denote molar weight of

the respective material in kg/mol.

For CO the mass change is the difference of the graphite corrosion rate and the pro-

duced CO,

, . M . M
Meo = —Me - €0 — Moo €« (4-96)
M M co,

The consumed O, can then be computed by the produced CO, and CO:

M M
Mg, =—05 Mg —2 — Mgy — 2, (4-97)
’ M co M co,

4.8.5.2 Mass change rates of the gas-gas reactions

For the homogenous reaction 2-CO +0, — 2-CO, the mass change rates are

' —12000 mol
Mo =-1.2-10°- exp[ } *Ceo *Co, » [ } (4-98)
T, m®-s
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where instead of the solid temperature the gas temperature is used, C.oand c,, de-

note the absolute concentrations. This formula is semi-empiric and the units do not
conform. Nevertheless, this formula proved to be adequate to predict the post-
combustion of CO [97]. In order to determine the mass change, the molar reaction rate

Neo has to be multiplied with the molecular weight of CO and with the gas volume.

Meo =Neo - Mo 'Vgas’ (4-99)
The gas mass of a certain gas component produced is balanced and inserted on the
right side of the mass conservation of this component. In order to balance the energy
production or consumption as consequence of chemical reaction, the produced or con-
sumed heat is added to the right hand side of either the energy conservation of the
solid (heterogeneous reaction) or of the gas (homogeneous reaction). For the homoge-

neous post-combustion of CQO, this leads to:

. . kJ kJ
Qchem,CO = _nCO -AH 'Vgas = _nCO : [282 m_olj |:m3 ] S:l ) (4-100)

The calculation of other possible reactions is implemented analogously.
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5 Verification and Validation

This chapter treats verification of the coupled HTR simulation system by computing and
comparing to results for the transient calculational benchmark of the South African
concept PBMR-400 and validation for the extensions of chemical attacks ATTICA®P,
validation of the coupled system TORT-TD/ATTICA® for the Chinese experimental
reactor HTR-10.

5.1 \Verification with the PBMR-400 Benchmark

The PBMR-400 Benchmark by the OECD/NEA/NSC [13][46] is a computational
benchmark exercise for the South-African HTR concept with an overall thermal power
of 400 MW. South Africa put a lot of effort in designing and realising their unique HTR-
concept. But due to various reasons (financial, economic, licensing, safety, technologi-
cal, administrative etc.) this concept was abandoned in 2010. Nevertheless, this devel-
opment along with the Chinese development triggered a new interest in the technology
and a couple of benchmarks were published in order to compare and possibly qualify

the simulation codes.

The latest benchmark description published was the coupled neutronic/thermal hydrau-
lic steady state and transient benchmark for the PBMR-400 concept with an annular

core for the spherical fuel elements and a helium turbine instead of a steam cycle.

'.'

Reactor Unit _ =

| Generator ]

Intercooler | Pre-cooler
|

Figure 13: PBMR-400 concept with a single-shaft concept and a helium turbine [13]

The benchmark description contained detailed information about geometrical properties
and simplifications (flattening of top and bottom of the pebble bed), material properties
(heat conductivities, capacities, densities) and also a recommendation which correla-

tions, and models to use. Also, it contained a set of data for the generation two-group
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nuclear cross sections with a small programme to bring the cross sections in the right
order. This forms an excellent basis for comparison calculations. The benchmark com-

prised three major exercises:
e uncoupled steady-state exercises
o aheutron physics calculation with a fixed set of cross sections
o athermal fluid dynamic calculation with a fixed power distribution
e a coupled neutonic/thermal fluid dynamic steady-state calculation
e several coupled neutronic/thermal fluid dynamic transient exercises

By increasing the complexity of the calculations each participant could check how good
their respective solutions are in comparison to others. The results had to be submitted
stepwise (uncoupled results, coupled steady-state, coupled transients) and were avail-
able to other participants via a common homepage by the NEA. The transient exercis-
es were the incidents or accidents an HTR has to cope with in order to be licensed.
Here a loss of forced circulation with and without pressurisation, a re-criticality case
without any Scram, an ingress of colder helium, and several control rod ejection and
withdrawal cases (all, multiple, single) had to be performed. In the following chapters
some selected transients are presented in order to demonstrate the capabilities of the
coupled system TORT-TD/ATTICA® for pebble bed HTRs.
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Figure 14: Left: Cross section of the PBMR reactor pressure vessel with core, right: 2-d thermal
fluid dynamic model for the PBMR-400 benchmark, core (red), central and side reflectors (yel-
low), gas flow region (green, red, white and pink), the neutronic model is indicated by the dotted
black line [13]
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5.1.1 The coupled steady state

In order to have a comparable starting point for the transient calculations, the first cou-
pled calculation to be performed is the coupled steady state. The result for the ket =
0.988
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Figure 15: Axial power density distribution for the PBMR-400 benchmark, [26]

Figure 15 shows the axially averaged power distribution over the height of the PBMR-
400 core, together with results of other participants of the benchmark. The results of
TORT-TD/ATTICA®® agree well with the other results. Figure 16 and Figure 17 show the
obtained mean fuel and moderator temperatures that were obtained. The TORT-
TD/ATTICA® results are slightly higher than the results of the benchmark participants.
This can be explained by the heterogeneous fuel temperature model that was used
while the benchmark description proposed to subdivide the fuel element into 6 shells of
0.5 cm thickness and use the whole fuel element as moderator temperature, the whole
inner sphere with particles (r = 2.5 cm) as fuel temperature, and the innermost sphere

as maximum fuel temperature.
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Figure 16: Averaged fuel temperatures of the coupled steady-state PBMR-400 benchmark ex-
ercise, [26]

920

870 *=

820
y4 /4
770
j/;//( ——DALTON - THERMIX

720 1

Moderator temperature [°C]

/ -5~ PEBBEDfd-THERMIX-KONVEK(94)

670 MARS-GCR/CAPP A
/ PARCS / THERMIX-DIREKT

620 —TINTE |

570 4 —e—PEBBEDNnd-THERMIX-KONVEK(94) -

/ —e—TORT-TD/ATTICA3D
520

T T
0 100 200 300 400 500 600 700 800 900 1000 1100 1200

Axial distance from top (cm)

Figure 17: Averaged moderator temperatures of the coupled steady-state PBMR-400 bench-
mark exercise, [26]
5.1.2 Cold helium ingress

The coolant helium in the primary circuit of an HTR experiences massive thermal ex-

pansion during the start of the reactor (inlet/outlet temperature 500°C/900°C). This ne-
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cessitates a helium storage system, i.e. some tanks where helium is stored to be re-
used after maintenance. The helium will be taken out of the system during heat-up until
full power is reached with the design pressure (here 90 bars). The excess helium is
stored at a much lower temperature than in the primary circuit. There are of course,

pipes to connect to the reactor pressure vessel to transport the gas out of the system.

Due to malfunction or mal-operation, a valve connected to the helium storage system is
assumed to open at t = 0 seconds, then colder helium is mixed with the helium from the
primary circuit. This will result in a decrease of inlet temperature. For the benchmark
exercise, it is assumed that the inlet temperature will decrease over 10 seconds from
500°C to 450°C. The inlet temperature in this case is kept at 450°C for 290 seconds
before it is linearly increased over 10 seconds back to the nominal inlet temperature of
500°C. Feedback of the secondary circuit, e.g. increase of the inlet temperature, is ne-
glected for this transient problem.

In Figure 18 the resulting power increase from the ingress of cold helium is presented.
The power increases since the moderator temperature is lowered, see Figure 19. This
leads to a spectral effect shifting the relatively hard neutron spectrum (high tempera-
tures) to lower energies thereby softening the spectrum, which, in turn, has a positive
effect on the fission rates. The steep rise of the power is a consequence of this spectral
shift. After ten seconds, the power rises only slightly. Here, the softening of the spec-
trum leads to a quick increase in fissions which increases the fuel temperature, Figure
20. After the initial decrease of the fuel and moderator temperature (at 50 seconds) the
power rise increases the fuel and moderator temperature which, in turn, limits the pow-
er rise (100 — 300 seconds). After the inlet temperature goes back to the nominal value
moderator and fuel temperature face a maximum value which, in turn, is responsible for

the power decrease.

The fuel temperature evolution displays the highest change of all the results. It can be
explained by the more detailed fuel model in ATTICA®. The proposed fuel temperature
model of the benchmark recommended a simpler model; the fuel temperature is the
mean temperature of the inner pebble part that contains coated particles. This method
“dilutes” the result of TORT-TD/ATTICA®® because the whole moderator volume of the
inner 2.5 cm sphere is averaged instead of taking the real fuel content. This is more
pronounced in cases of fast reactivity increase like the control rod withdrawal, and even

more for the rod ejection case.
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Figure 18: On the left y-axis: fission power in MW, respective results of TORT-TD/ATTICA®
along with the participants’ result of the benchmark. On the right axis: gas temperature change
over time, [26]
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Figure 19: Average moderator temperatures of participants and TORT-TD/ATTICA®, [26]
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Figure 20: Average fuel temperatures for the cold helium ingress case, [26]

5.1.3 Control rod withdrawal

For the total control rod withdrawal case, it is assumed that all 24 control rods that are
inserted in their nominal operation position (1.5 metres from top of the core) are with-
drawn over 200 seconds to their outermost position which is 50 cm above the top of the
pebble bed. After that the control rods remain at this position. It is assumed that ther-
mal fluid dynamic boundary conditions remain the same, e.g. mass flow, inlet tempera-
ture, pressure, and there is no feedback of primary circuit dynamics like increase of

inlet temperature.

The rod withdrawal leads to an increase of power. First, there is a steep rise in the total
produced power. The reason is that the rods in nominal position have the greatest im-
pact; the flux at that position compared is the highest. The more the rods are withdrawn
the smaller the impact on the flux and hence of a further withdrawal. This can be seen
in Figure 21. Figure 22, Figure 23, and Figure 24 show the maximum fuel temperature, the
average fuel temperature and the average moderator temperatures, respectively. For
the safety, the most important temperature is the maximum temperature because it will

determine the first failing fuel element, more precisely the first failing particle.
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Figure 21: Fission power evolution for a control rod withdrawal case with operational speed (1

cm/s), rods are withdrawn over the first 200 seconds [26]

The average fuel temperatures are the highest for TORT-TD/ATTICA®® of all bench-
mark participants. The heterogeneous fuel temperature model is responsible for this.
As the benchmark proposed a fuel element model made out of 5 shells, the outermost
without fuel, the average moderator temperatures of the inner four shells are taken as
fuel temperature. This averaging procedure leads to a systematic underestimate of the
fuel temperature for the stationary temperature (when compared to the heterogeneous
fuel temperature model implemented in ATTICA®P) and has less feed-back effect in the
transient case, since the thermal inertia of the inner sphere including moderator is
higher. Since the feed-backs are stronger in the TORT-TD/ATTICA3p results for the
heterogeneous fuel modelling (het) the power increase is more moderate than com-
pared to other participants. The highest power increase can be observed when omitting
description of the fuel, TORT-TD/ATTICA®®, ., where basically only the surface tem-
peratures are used. In the homogeneous case, the heat is assumed to be deposited all
over the 3 cm fuel sphere leading to a much higher volume to heat up for feedback

effects.
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Figure 22: Maximum fuel temperature in case of a total control rod withdrawal [26].
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Figure 23: Average fuel temperature for the control rod withdrawal case, note: the fuel tempera-

ture of the homogeneous case is depicted in the average moderator temperatures due to the

absence of a fuel temperature model [26]
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Figure 24: Average moderator temperature for the total control rod withdrawal case of the
PBMR-400 benchmark, note: with the detailed fuel temperature model, the average moderator
temperature is also higher; the homogeneous case only takes pebble surface temperatures

thereby neglecting the temperature profile towards the centre [26]

5.1.4 Control rod ejection

In the total control rod ejection case, it is assumed that all control rods are ejected with-
in 0.1 seconds from the nominal position. This imposes a super-prompt transient onto

the simulation system. Here, the importance of the heterogeneous fuel temperature
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model is even more pronounced than in the control rod withdrawal case.
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Figure 25: Power increase in a total control rod ejection case [26]

12000
10000 \ -
g N —PBMR (TINTE)
= \
% 8000 N —TORT-TD/ATTICA3D het | |
= \
O 6000 ™
a AN
pd \
O 4000
0p]
m i
2000 f
0
0 0.5 1 15 2 25 3 3.5 4 45 5
TIME [s]

Figure 26: Comparison between TINTE and TORT-TD/ATTICA® with heterogeneous tempera-

ture model for the fuel [26]

Figure 25 and Figure 26 both show the power increase in case of an ejection of all the
control rods. Obviously, the different fuel temperature models have a major contribution
to the results and lead to a drastic spread in the results. While the homogeneous
TORT-TD/ATTICA®® result shows the peak at roughly 12,000 MW (factor 300), the het-
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erogeneous model only yields a total power of less than 2000 MW (less than factor 5).
The two published results are also wide apart. But, this divergence can be explained
when taking a look at the fuel and moderator temperatures. Of course, like in the total
control rod withdrawal case, the most important parameter for the fuel integrity is the
maximum kernel temperature, while the average fuel and moderator temperatures (lo-
cally resolved) are the ones TORT-TD gets from ATTICA® after running the fuel tem-

perature model and are then used for cross section interpolation.

1900

1800

1700 /
1600 r\/

1500 ]\

1400 I \

MAXIMUM FUEL TEMPERATURE [°C]

1300 — -
1200
—KAERI(GAMMA+/CAPP)
1100 —PBMR(TINTE) H
1000 } ——TORT-TD/ATTICA3D het
,T —TORT-TD/ATTICA3D hom
900 T T T T T
0 2 4 6 8 10 12

TIME [s]

Figure 27: Maximum fuel temperature increase for the total control rod ejection case [26]

In Figure 27 it is apparent that maximum fuel temperatures differ by 400 — 500 °C. While
for the KAERI and PBMR results maximum design temperature is exceeded (PBMR
too, as there has to be a safety margin) the results of TORT-TD/ATTICA®® results —
even for the case without temperature model — yield temperatures well within the range
of design limits. It is clear that these differences need explanation. When looking at the
moderator temperatures in Figure 28, it is obvious that PBMR with the programme
TINTE uses a time dependent fuel temperature model. This was also provided in the
benchmark description, but it was not implemented in ATTICA®. A detailed analysis of
the different fuel temperature models was performed in [78]. Here, the finding was that
the homogenous modelling bears errors, e.g. for our model it yields power increase of
a factor 400 whereas the heterogeneous temperature model yields a factor of only 5.
The reason for this massive deviation lies within the response time of the fuel tempera-
ture. When magnifying the time axis, see Figure 29, it becomes obvious that the hetero-

geneous TORT-TD/ATTICA® solution responds instantaneously to the reactivity in-
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crease. The temperature after 0.1 seconds is already increased by 50 Kelvin (denoted
by 1)); after 0.2 seconds (denoted by 2)) the net temperature increase used for the
cross section re-evaluation is around 150 Kelvin, whereas the closest reactor response
at that time (PBMR) increased by less than 50 Kelvin. This quick temperature increase
is also the reason why the heterogeneous TORT-TD/ATTICA® model does not exhibit
such strong increase. l.e. the temperature increase is a consequence of the power in-
crease, but the fuel temperature increase is at the same time the mechanism to limit
the power increase factors. The heterogeneous model does not exhibit such inertia
because it only takes the fuel particle volume (=0.9% of the pebble volume) as primary
location of fission heat deposition. Of course, with the fuel temperature model proposed
by the benchmark, the fuel temperature feed-back would start later and the conse-

guence is a higher power excursion.
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Figure 28: Average fuel and moderator temperatures for the control rod ejection case [26]
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Figure 29: Fuel temperature increase within the first 1.2 seconds of the control rod ejection
case; 1) TORT-TD/ATTICA® has a temperature increase of 50 Kelvin 2) TORT-TD/ATTICA®
fuel temperature increase is already 150 Kelvin and more than 100 K higher than results of
TINTE solution [26].

5.2 Validation of corrosion module with the NACOK facility

The NACOK facility of the Julich Research Centre is an experiment that is used for
investigation of graphite corrosion (NAturzug im COre mit Korrosion, English: natural
convection in the core with corrosion). It consists of two upright columns with an inter-
connection at the top and bottom that should simulate the hot helium chamber, a part
of an HTR core, the connection of the upper gas plenum and the cold helium riser,. In
an air ingress case, flow inversion is assumed after a certain time delay leaving the
bottom reflector and the pebble bed exposed to corrosion. Further information about
the experimental facility and the experiments can be found in [59] where a whole set of

different mass flows and heating temperatures were investigated.
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Figure 30: NACOK facility, dimensions in mm, pebble bed test section (red-orange) on the left,

return tube on the right section in (orange-green), [83]

5.2.1 Natural Convection in NACOK Experiment

To test if ATTICA® is capable of simulating the natural convection flow in the NACOK
experiment, the measured mass flows are compared to ATTICA®® results. In the mass
flow experiments it was tested how much air is sucked in by two differently heated
temperature columns; the pebble bed column and the return column (see Figure 30, red
and yellow, respectively). While for the return tube the temperature was changed in
steps of 200 Kelvin ranging from 200 — 800 °C, the pebble bed was heated to at least
50 K above the return tube temperature, and was increased to up to 1000 °C. The re-
sults are presented in Figure 31. There are also results of the well-recognised THER-
MIX/DIREKT, a thermal fluid dynamic tool for HTRs, included. One is the standard ver-
sion, which is for reactor calculations and one was modified to match the experiment.
Of course, the version modified for the NACOK experiment agrees best with the exper-
imental results (DIREKT NACOK). The non-modified version displays — along with the
ATTICA® results — some deviations, especially in the low temperature range of the
return pipe (200 and 400 °C), but improves the higher the return pipe temperatures are.

Until, at high temperatures, all three code versions yield acceptable results.

Since the temperatures most likely to occur in a depressurisation accidents are the
higher ones and remain high for a long time the natural convection capabilities were
found to be sufficiently well modelled and can qualitatively reproduce the behaviour in a

deviant geometry like the NACOK experiment.
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Figure 31: Mass flows at different temperatures for the NACOK experimental facility, tempera-
tures in the boxes are downcomer temperatures, temperatures on the x-axis are pebble bed
temperatures, experimental values and DIREKT results from [59] .

5.2.2 Validation of the corrosion module with the NACOK experiment

For the newly implemented corrosion module described in 4.8, test calculations are
performed for validation. Here, also the NACOK experiment was selected, but with a
different setup than shown in Figure 30. Instead of a pebble bed that was filled into the
setup, a reflector block corrosion experiment was used as validation case. This exper-
iment was conducted within the framework of the RAPHAEL project (funded by the

European Commision) and made available to contributors of the project.

The test data was obtained in a NACOK reflector corrosion experiment described in
[83]. Here, two different graphite reflector materials were tested; one produced by SGL
Carbon, and the other from UCAR (United Carbon), both graphite manufacturers that
offer nuclear grade graphite. The test was carried out arranging two different block el-
ements (Figure 32 and Figure 33) from two different manufacturers in three layers on top
of each other, 12 in total. For the corrosion experiment, the return pipe was not in use.
Only an upright column with the reflector blocks and above a ceramic pebble bed of 10
cm height (for pressure drop) was installed. In order to bring the setup to experimental
temperatures, the facility steel walls were heated by radiation. The heat was provided
by an electrical heater with a heating temperature of 900°C. Additionally, the experi-

ment was flooded by nitrogen at 900°C for 9 hours.
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Figure 32: NACOK experiment with reflector graphite blocks for corrosion experiment, left:
overall setup, right: magnified section of interest with top (yellow), middle (green) and bottom
(blue) layer, [83].

When the experiment was started, the lowest layer had a temperature between 680 —
760°C, the middle layer between 760 — 800°C and the uppermost layer had initial tem-
peratures ranging from 790 — 830°C. When the experimental conditions were obtained,
the hot nitrogen valve was closed and a valve that allowed a maximum air flow of 5 g/s
was opened to let ambient air (21% oxygen, 79% nitrogen) at 20°C from the experi-
mental hall flow into the experiment. The measured mass flow throughout the experi-
ment was 4.32 g/s. The outer heating was kept constant at 900°C. After opening of the
valve the experiment was left for 8.5 hours during which the temperatures were meas-
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ured. At the end of the experiment, all graphite blocks were weighed and the relative

mass loss was determined by weighing the graphite blocks.
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Figure 33: Geometry of the two different specimens of reflector graphite and arrangement for

the corrosion test [83]

For the simulation case with, the initial solid temperatures were set as described
above. As boundary condition, a heat sink/source of 900°C is assumed with a heat
transfer coefficient of 400 W/(m*K) at the side of the blocks and the pebble bed. With
this configuration, the experiment was calculated with stand-alone ATTICA®®. Each of
the blocks was subdivided into 9 squares in x,y-direction and in 4 layers in z-direction.
The geometrical arrangement as well as the initial temperature distribution is depicted

in Figure 34.
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Figure 34: NACOK simulation model in ATTICA3D with zone subdivision (left) and initial tem-

peratures (right).

Figure 35 shows the subdivision of the corrosion zone with the three graphite block lay-
ers. The plane with the highest corrosion is the third layer with burn-off starting from the
bottom. The burn-off after 2 seconds is insignificant, of course, but already displays
three-dimensional corrosion capabilities which are caused by different running times of

oxygen from the inlet to the plane.
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Figure 35: Snapshot of the burn-off of graphite in the NACOK experiment after 2 seconds in the
upper middle of the lowest graphite reflector block; the inlet of the experiment is on the right
side, this explains the different burn-off in the x,y-plane. The right picture shows a 3-d view of

the region of interest.
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Figure 36: Temperatures calculated by ATTICA® for the NACOK corrosion experiment
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Figure 37: Measured temperatures of the NACOK corrosion case for the lowest layer [83]. The
lowest curves correspond to the lower plenum and the isolation plate (dark red and yellow). The
dark blue curve shows the lowermost layer of the graphite block. All curves above show the
temperature subdivided in axial height. The pink temperature is the heating temperature for the

experiment.

The experiment has a strong coupled character. In the corrosion reactions, the oxygen
is consumed, but heat is deposited in the solid and/or gas phase. This leads to a tem-
perature increase that in turn increases the corrosion rates. If oxygen is already con-
sumed in a layer below, corrosion is not possible in the successive layers above. It
becomes clear that the determination of temperature and the corresponding burn-off is
a consequence of the initial temperature distribution, the on-going corrosion reaction
and the flow distribution of the respective reflector material (2 large or 14 small holes).
As stated in 4.8, different types of graphite are implemented at least for the air ingress
case. For the calculation of the transient the graphite type V483T was selected. This
selection is motivated by results published in [84]. Here, three different computer codes
SPECTRA [43], TINTE [35], REACT/THERMIX [66] were used to determine burn-off as
well as temperature distribution. The REACT/THERMIX and TINTE versions only had
two-dimensional (cylindrical) capabilities. Therefore, the results produced use a uniform
averaged porosity approach unable to determine local corrosion behaviour, i.e. the
different blocks of type 1 and type 2 exhibit a difference of areas available for corrosion
of a factor of 4. This geometric difference also leads to rather different corrosion rates

for the two geometrical specimens. Since the graphite used was similar to the tested
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ones, the mass loss of the two blocks of one geometrical specimen was averaged, see
Table 9. It is obvious, that in layer 1 the corrosion is overestimated for the type 1 but
yields acceptable agreement for type 2. Since the corrosion is a bit overestimated for
layer 1l/type 1, the mass loss for type lreflector elements above is underestimated.
This can be explained by the fact, that there is no oxygen present in the layer 2 for a
type 1 reflector. The gaps between the layers of 2 cm height are made for instrumenta-
tion and do not allow cross-flow. Therefore, no oxygen can flow out of layerl/type2
element in x,y-direction, the oxygen supply is completely consumed. Since the temper-
atures also stay below 950 °C the Boudouard reaction does not take place. For the
type 2 reflector elements, the results are in good agreement for the lower part. But
since the mass loss in layer 1 is at the upper end of the experimental result, layer 2 is
still in the experimental results range, the mass loss is underestimated for layer 3.
Nevertheless, the results can be regarded validated. The mass loss per layer is dis-
played in Table 9.

What appears to be necessary is to repeat the experiments for the most likely candi-
dates of nuclear graphite, both for fuel and for the reflector.
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Table 10 presents the integral mass loss values for the experiment and the results ob-
tained with the respective code system. Figure 38 shows a cross section of the first lay-
er of graphite along with a 3-d view of the three layers with their respective burn-off. To
emphasize the 3-d corrosion, the x,y-plane is depicted with maximum and minimum
burn-off. It is obvious that type 1 is much stronger corroded than type 2. Type 2 gets
parts of the chemical heat produced of its neighbour due to heat conduction through
the solid. If temperatures are higher, so is the respective corrosion. Type 2 displays

inhomogeneous corrosion behaviour, see Figure 38.

Table 9: Mass loss of graphite per layer and type after the corrosion experiment

ATTICA®® Experiment
Layer 1 Type 1 28.84 % 23.8-243%
Type 2 16.44 % 11.5-16.5%
Layer 2 Type 1 1.37% 34-35%
Type 2 4.62 % 45-5.0%
Layer 3 Type 1 0.14 % 0.8-15%
Type 2 1.53 % 26-2.8%
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Table 10: Integral mass loss over all blocks for the corrosion experiment

Relative mass loss Reference

Experiment 8.4 % [83]
SPECTRA, Roes correlation 9.0 % [84]
SPECTRA, CEA correlation 9.4 % [84]
SPECTRA, NKL correlation 9.7 % [84]
TINTE 9.9 % [84]
REACT/THERMIX 10.9 % [84]
ATTICA® 8.8 % -
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Figure 38: Burn-off of the first layer of graphite with “type 1” in the upper left and lower right
corner, and “type 2” lower left and upper right. Legend is normalised to minimum and maximum

graphite burn-off within the first layer. Right: 3-d view after the corrosion experiment.
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5.3 Validation of the Coupled Simulation System with the
Chinese Experimental Reactor HTR-10

The HTR-10 is a modular HTGR and a testing facility for HTGR technology. This exper-
imental reactor was first critical in December 2000 and since then, is operated by the
Institute of Nuclear and New Energy Technology of the Tsinghua University (INET).
The reactor building is sited 40 km north of Beijing, China. The Design Criteria and the
Safety Analysis Report of the HTR-10 were approved in August 1992 and March 1993,
respectively. Ground was broken in 1994; construction works were completed in 2000.

The first criticality was achieved in December 2000 [12].

The objectives of the Chinese HTR-10 project are to verify and to demonstrate the
technical and safety features of the HTGR technology. Also, it is a testing facility for
nuclear process heat applications and helium turbine cycle. Particular aims to achieve
are [14]:

e to gain experience of HTGR technology,

e irradiation testing for fuel elements,

e to prove inherent safety features of the modular HTGR technology,
and later

¢ demonstration of electricity/heat co-generation, also a demonstration of the

combined steam/gas turbine cycle
e development of a process heat utilisation

The primary circuit is depicted in Figure 39 below.
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Figure 39: Primary circuit of the HTR-10, left: reactor pressure vessel with pebble bed core,

right: steam generator with helium blower [56]
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Figure 40: Location of thermocouples in the HTR-10 with temperatures [81]
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The internals of the HTR-10 are instrumented with a multitude of thermocouples that
measure the solid temperature of the reflector structures. It is, in fact, the only pebble
bed reactor operational (even though not in constant operation) where validation is
possible. With this instrumentation the temperature distribution within the reflectors can

be measured. The location of the thermocouples is depicted in Figure 40.

For the HTR-10, both a 180°-model and a 30°-model was created. However, since the
position exact location around in the HTR-10 could not be specified, a 2-dimensional
representation of the HTR-10 was chosen for the comparison with temperatures of the
full power experiment. For the neutronics, 13-neutron groups for the steady state were
used applying the transport approach for TORT-TD led to a ke = 1.00368. The thermal

hydraulic boundary conditions are provided in Table 11.

The thermal hydraulic zonal subdivisions for the HTR-10 are presented in Figure 41
along with the gas velocities. The pebble bed is the centre rectangle (cylinder) in red
ranging from z = 1.8 — 0 metres. The corresponding power distribution and the gas
temperatures are depicted beside. The position “A” in Figure 41 indicates the gas outlet.
Here, the calculated gas temperature is 699.5°C. In the measurements of the gas tem-
perature the result was 700.5 °C which agrees very well with the results produced with
TORT-TD/ATTICA®.

Table 11: Main parameters for full power in the HTR-10

Thermal power 10 MW
System pressure 30 bar
Mass flow 4.32 kgls
Inlet temperature 250 °C
Outlet temperature =~ 700 °C
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Figure 42: Comparison of TORT-TD/ATTICAS3D results with the thermocouples jka02a, jka02b,

jka02d, jka02d, jka02e and jka02f [81].
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Figure 43: Comparison of TORT-TD/ATTICA3D results with the thermocouples jka02h, jka02i,

jka02j, jka02k and jka02I [81].
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Figure 44: Comparison of TORT-TD/ATTICA® results with the thermocouples jka03a, jka03b,

jka03c and jka03d, [81].
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6  Application of the coupled simulation system

6.1 Spatially resolved control rods

The benchmark description provided nuclear two group cross sections. Since most of
the exercises can also be solved in a 2-dimensional manner, the cross section for the
control rod was provided as a grey curtain. The grey curtain approach is an equivalent
cross section that is generated homogenising the control rods from a detailed model so
that comparable reactivity increase is obtained. Lacking a detailed 3-D MCNP model
that would be optimal as comparison case an inverse approach was applied. l.e. in-
stead of applying a detailed MCNP model, the absorption and total cross section of the
control rods was adjusted in a way that roughly the same power increase and conse-
guently, the same temperature increase was obtained, while yielding comparable reac-
tivities for the controlled and uncontrolled state (grey curtain case: 1.97 %; spatially
resolved rods: 2.24 %).

Meier [27] simulated the control rod curve for the PBMR benchmark model with
MCNP5 and obtained a reactivity increase from the nominal operational condition to
the withdrawn condition of ~2.55%. With only 2 neutron groups used in the benchmark,
it is questionable if the control rod ejection is adequately modelled, but the generation
of cross section - especially for benchmark purposes - could not be performed within
this work. However, for the HTR-PM, such a MCNP model exists and was used to ad-

just the efficiency of the absorber.

The PBMR-400 concept foresees 24 control rods [46]. The smallest unit with two
neighbouring control rods is a 15° cake piece cut out of the PBMR geometry and is
depicted in Figure 46 where the thermal flux is shown at the flux maximum and at the
lower end of the control rods. In b) there is a clear depression of the neutron flux in the
vicinity of the rods. In the reflector region between the rods the flux is higher. The con-
trol rods in this simulation model are halved. For the manipulation of the rod cross sec-
tion, different factors for the weighting of the absorption and consequently the total
cross section of the control rods where applied. The first approach used areal
weighting. Areal weighting means that the rods now occupy the same area as a control
rod (in a grey curtain case the control rod cross section is in each of the angular seg-
ments of Figure 46). This yields an opening angle of 2.95° for a single rod with a diame-

ter of 12.5 cm, or a relative fraction within the absorber ring of 19.6 %. The correspond-
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ing weight is the inverse value of the relative fraction, i.e. 5.08. This factor is the factor
for areal weighting. However, with an areal weighting the corresponding ket was too big
compared to the reference solution and the reactivity increase, and hence the power
increase, were underestimated. The factor to multiply the absorption cross section of
the control rod was now tested so that comparable power and temperature increase
could be obtained. The factors tested were 10, 40, 100, and 1000. The results with the
best agreement for both power increase as well as temperature increase were then

used for the single control rod ejection in chapter 6.2.
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Figure 46: Thermal flux a) flux maximum b) at lower end of spatially resolved control rods for a

15° wedge with two control rod halves

In the following figures, the red curves with “TORT-TD/ATTICA® het” are the reference
solutions, i.e. the results from the cylindrically symmetric modelling, compare 5.1.4.
The other curves with modified cross section are referred to as “mod” with the corre-

sponding multiplier attached, i.e. “mod10” for a multiplier of 10 etc.

The evolution of power of the cases with spatially resolved control rods is shown in
Figure 48. For the multiplier “mod1000” the best agreement is obtained, but the power
value is slightly overestimated yielding a power increase factor of 4.81 instead of 4.74
for the reference solution. When looking at Figure 49 and Figure 51, it becomes evident
that the temperatures obtained for the “mod1000” case are still lower than in the refer-
ence solution, let alone “mod10” or “mod40” solutions. Taking a closer look at the aver-
age fuel temperature evolution for the first 0.4 seconds in Figure 50, different starting

temperatures as well as different fuel temperature evolutions can be identified. The
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starting temperatures of the reference case was 821.5°C, 820.7°C for the “mod10”
case, 816.4 for the “mod40” and 813.4°C for the “mod1000” case. While the shape of
the temperature evolution for mod10 and mod40 deviates from the reference shape,
the “mod1000” solution basically preserves the initial temperature difference (AT = 8
K). The first two seconds of each transient (-2 seconds to 0 seconds), the steady-state
is calculated in the transient mode of TORT-TD/ATTICA®. The reactor period is shown

for the “mod1000” case in Figure 47. Only absolute values are shown.
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Figure 47: Reactor period for start of the transient calculation for the mod1000 case
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Figure 48: Power evolution for different factors (10, 40 and 1000) for absorption cross sections
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Figure 49: Maximum fuel temperatures for the total control rod ejection case with spatially re-

solved control rods.
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Figure 50: Average fuel temperatures for the total control rod ejection for different factors to

modify the control rod absorption cross section.
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Figure 51: Average fuel and moderator temperatures for the control rod ejection case, with and

without spatially resolved control rods.
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6.2 Simulation of a Single Control Rod Ejection for the South
African High Temperature Reactor concept (PBMR-400)

For the PBMR-400 benchmark, a single control rod ejection should be simulated. This
transient can only be calculated if the rods are spatially resolved. Since the participants
employed coupled codes that contain at least one two dimensional model for either
neutronics or thermal fluid dynamics, results for that transient were not published. But
this transient is used to demonstrate the computational capabilities of the coupled sys-
tem TORT-TD/ATTICA®. As described for the case with spatially resolved control rods,
the total and the absorption cross section of the control rods are modified in a way that
the same reactivity increase occurs. The ejection time is 0.1 seconds, as in the total
control rod ejection case. The previously determined modification factor of 1000 (chap-
ter 6.1) for the absorption cross section will subsequently be used to perform this appli-

cation calculation.

The reactivity value from one rod differs from the fractional value of the number of con-
trol rods, see Table 12. This is due to the self-shielding of absorbers. Self-shielding
means that the influence of the ensemble of control rods is so strong that a removal of
one rod is hardly detected by the reactor. The influence is less than the 1/24™ of the
control rod bank which would be 0.094 %, because the one withdrawn rod is shielded
by its neighbouring absorber rods. Likewise for an insertion of a single absorber, the
efficiency is higher than the mere fraction of a control rod. This was also tested by in-
serting one rod by 200 centimetres from the nominal position, similar to the ejection

distance.

To determine the reactivity presented below, a steady-state solution was performed
first. Then, the calculation is repeated but keeping the previously determined tempera-
ture and xenon distribution constant, i.e. without re-iterating fuel and moderator tem-

peratures or xenon distribution but taking it from a restart file instead.

Table 12: Reactivity increase for rod ejection

Programme Number of rods Reactivity increase, Ap
MCNPS5 [27] 24 rods out 2.55%
TORT-TD/ATTICA® (2D) | all rods out 1.95 %
TORT-TD/ATTICA® 24 rods out 2.256 %
TORT-TD/ATTICA® 1 rod out 0.030 %
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TORT-TD/ATTICA® 1rodin -0.27 %

Figure 52 shows the power evolution together with the average fuel temperature evolu-
tion for a single control rod ejection case. Since the reactivity inserted is only very

small, the power increase is rather moderate with only 4.18 %. Using a previously de-
termined integral temperature coefficient F(T) from Meier [27] to make a rough esti-
mate for the temperature increase that is to be expected for the uranium loaded PBMR-

400 when inserting a reactivity of 0.03 % with

Ap=T-AT (6-1)

with T'=0.55-10"* K™ yields a temperature increase by 5.4 K. Since there is a shift in

power distribution towards the top of the reactor and not all zones experience the same
temperature increase. The effective temperature increase for the coupled solution is

only 4.5 K.
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Figure 52: Power and fuel temperature evolution in a single control rod ejection case.
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TORT-TD | Discrete Ordinates | Thermal neutron flux visualization in units of 10" 14
Axial mesh 67 (z = 958.3333 cm) attime step 0 (t = 0.000E+00 sec) (Meshing2D-000000-fix-t.ps)

Figure 53: Thermal neutron flux at t = 0 seconds, with the position of the control rod to be eject-
ed highlighted with a white arrow.
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TORT-TD | Discrete Ordinates | Thermal neutrn flux visualization in units of 10" 14
Axial mesh 67 (z = 958.3333 cm) at time step 249 (t = 1.245E+01 sec) (Meshing2D-000249-flx-t.ps)

Figure 54: Thermal neutron flux at t = 12.45 s, on the right, the increase within the side reflector
is visible and highlighted with a white arrow.
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6.3 Simulation of a Single Control Rod Ejection for the
Chinese High Temperature Reactor concept (HTR-PM)

The HTR-PM is the Chinese HTR concept where two reactor units are to drive one
steam turbine. The thermal power of a single unit is 250 MW. It employs the side by
side concept introduced by SIEMENS-INTERATOM, with the steam generator vessel
and the integrated helium blower geodetically positioned below the reactor pressure
vessel in order to obtain thermal fluid dynamic decoupling of heat source and sink. Like
in the transient rod ejection analysis described in 5.1.4 the time of ejection is only 0.1
seconds. The HTR-PM however only uses 8 control rods instead of 24 in the PBMR.
This increases the importance of a single control rod. In nominal operational conditions

all control rods are inserted 290 cm from the top of the core.

When all 8 rods are ejected from there, the inserted reactivity is 1.3 %, in case of 3
rods ejected 0.433 % for both MCNP5 and TORT-TD/ATTICA® [30] and a single con-
trol rod worth is 0.115 %. This was determined comparing values with rods inserted at
the nominal position and all rods, 3 rods and a single rod withdrawn but keeping the

temperature and xenon distribution of the nominal case.

Figure 55 displays the thermal flux of the slowest (7" out of 7) neutron group at the posi-
tion of the lower end of the control rods. The flux depression at the location of the con-
trol rods is obvious. The flux peak at the location of the control rods is the so-called
reflector peak. The reflector peak is a consequence of fast neutrons going into the re-
flector where they experience a strong energy loss due to elastic scattering. This loss
in the fast flux is a source term for neutron groups of lower energy. The reason for the
smaller neutron flux inside the core region is that neutrons at these energies have a

very high probability for absorption by fuel and are all absorbed in the fissile material.

After the control rod ejection, the power rises quickly to about 128 % within 7 seconds,
see Figure 56. In the beginning (0 — 1 second), there is a steep rise of power by 20 %
already, which, like in the PBMR-400 single control rod ejection case, is dampened by
a fuel and moderator temperature increase. After the first second, the power increase
until the following 7 seconds shows already the feedback effects, and without further

actuation of control rod or shutdown system the power will approach the initial level.

Nevertheless, both control rod ejection scenarios lack the primary circuit feedback be-
cause increasing the power — even for a short time — will influence the whole plant be-
haviour. Say, the power increase will lead to significantly higher gas temperatures.

Then, the steam generator cannot take all the heat and thereby the gas inlet tempera-
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ture increases. However, an inlet temperature increase will also feed-back like an in-

gress of hotter coolant (opposite scenario of the cold helium ingress, see 5.1.2).

Figure 57 shows the position with the greatest increase in temperature. It is only 20 K,

from the ejected control rod position to the position opposite of the ejected control rod.

Control rods

. 35S L
TORT-TD | Discrete Ordinates | Thermal neutron flux visualization in units of 10* 12

Figure 55: Thermal flux (7th neutron group out of 7) of the HTR-PM at the location of the lower

end of the control rods at time t = 0 seconds (nominal state)
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Figure 56: Power and temperature over time for the single control rod ejection case in the HTR-
PM.
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Figure 57: Temperature distribution at the plane where control rod ends were before the ejec-
tion; 1 is the location of the ejected control rod. Here, the greatest temperature increase was
found. The increase due to the ejected control rod is around 20 K.

6.4 Simulation of Water Ingress Accidents for the Chinese
High Temperature Reactor concept (HTR-PM)

The dynamics of water ingress accidents necessitate a simulation system that can not
only model processes within the reactor pressure vessel or the primary circuit but must
also cover the secondary circuit. As TORT-TD/ATTICA® lacks these abilities, use of
pre-calculated boundary conditions is made. The dynamics of water pouring into the
primary circuit of an HTR following steam generator tube rupture was investigated in
[53]. Additionally, taking findings of [53], water ingress scenarios including neutronic
response were investigated in [25]. The results produced with TORT-TD/ATTICA®® for
two water ingress scenarios — one with Scram, one anticipated transient without Scram

(ATWS) — are compared to results of INET.

The first scenario to be examined is the case when a steam generator tube ruptures,
steam enters and the blower flaps close to end coolant flow completely. The steam
generator is quickly isolated by the steam generator isolation valves. Flow restrictors,
an engineered safety feature, should prevent flow rates that are too high from entering

the reactor. For the transient the steam generator isolation is assumed to work, effec-
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tively separating the primary side from the secondary. The different boundary condi-

tions with respect to time are [25]:

Time Event Difference to design
basis accident
Design basis accident Anticipated  transient
without SCRAM
Initial situa- | Reactor at 105 % of nominal power rating = | Reactor at 100 %
tion 262.5 MWy,
0—-10sec e break of one steam generator tube, ap-
prox. 600 kg of steam/water pour into
the primary circuit
e Primary pressure increase (70 > 74
bars), pressure increase over time in-
cluding pressure relief taken from [25]
10 - 40 sec e humidity detector actuates blower shut- e control rods not
down moved
¢ linearly decreasing blower power
e control rods are inserted over 55 sec-
onds
40 sec - 80 e onset of pressurised loss of forced cool-
hrs ing case including corrosion of graphite
in steam atmosphere
o short term effect: power increase due to
improved moderation
e long term effect: weakening of fuel and
load-carrying graphite due to corrosive
attack
at 23 hrs o pressure relief valve opens (set point

79 bar) to reduce pressure to 70 bar

Additional boundary conditions for the TORT-TD/ATTICA3D simulation:
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The pressure increase is a direct consequence of the increase of the primary inventory.
Here, steam has the major contribution. During the course of the transient, the appear-
ance of multiple gas components due to corrosion of steam will lead to a further in-
crease in pressure. Since TORT-TD/ATTICA® can only simulate processes within the
reactor pressure vessel and in such a way that reference pressure is an input parame-
ter of the user, the pressure increase was approximated by using a time dependent
pressure boundary condition. Since the major part of the flow will only occur inside the
core (hot gas rises in the centre, transfers the heat to the top reflector graphite struc-
ture, and flows down on the outer core close to the side reflector), the outer helium
risers are simulated as blocked (very high friction due to very small hydraulic diameter).
This approach can underestimate corrosion in the side reflector. But comparison calcu-
lation showed that no significant corrosion occurs there anyway, nevertheless the time
step size of the solution including corroding side reflector became unbearably small
(less than 10 seconds).

Figure 58 shows the increase of power in case of the design basis accident where hu-
midity is detected and appropriate measures, i. e. insertion of all control rods, are tak-
en. The increase of total power amounts to 5 % after 10 seconds. The first five seconds
are needed by the steam reach the core region in significant amounts (to have an im-
pact). Then power increases until 10 seconds, when the control rods are inserted to
end the power increase. The control rods are inserted over 55 seconds. The corre-

sponding average fuel and moderator temperatures for the DBA case are shown in
Figure 59
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Figure 58: Short term power increase for the HTR-PM as a consequence of water ingress
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Figure 59: Short time effect on the average fuel and moderator temperature for the design basis

water ingress accident, results from the TORT-TD/ATTICA® solution

After the steam is detected by the humidity sensors, the blower is turned off and the

rods are inserted over 55 seconds ending the power increase for the design basis ac-

cident. The decay heat distribution of 105% of nominal conditions is taken from the

ZIRKUS analysis. The short power increase in the range of seconds will not change
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decay heat distribution significantly, and therefore will be taken as decay heat source

for the long-term corrosion effects.

The long-time behaviour is characterised best by a pressurised loss of forced cooling

case and is presented in Figure 60.
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Figure 60: Maximum fuel temperatures for a design basis water ingress accident, TINTE results
from [25].

In the beginning of the transient, the steam enters. However with the temperature dis-
tribution of nominal operation, even though at a higher level, the upper part of the reac-
tor where the cold gas (250°C) enters is far below temperatures where corrosion takes
place. Only at the outlet, where the solid temperatures reach (780°C) there is a minor
corrosion attack. But the major part of corrosion due to steam in the core will take place
in the course of hours. The reason is that the core first needs to heat up with the decay

heat, so that temperatures are reached where corrosion becomes significant.

As mentioned above, the flow pattern in the water ingress design basis accident re-
sembles the pressurised loss of forced cooling accident. After the blower stops, the
bottom core and reflector are the hottest parts. The gas still under pressure heats up in
the bottom and flows up in the central core. When the gas reaches cold top reflector
(250°C in the beginning of the transient), it transfers its heat to the top reflector. The

cooler gas flows downwards next to the side reflector in the outer part of the core.

In Figure 61 the flow patterns in steady state conditions and also after 11,800 seconds

are shown. Here, the above described effect is visible.
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Figure 62: Steam

and corrosion product distribution after 11,800 seconds (3.3 hours)

In Figure 62 above, the distribution of corrosion gases is presented. Here, it is to be

noted, that the CO, is about five times higher than the corresponding CO concentra-

tion.
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Figure 65: Relative burn-off of graphite after 0.5, 3.3, 30 and 60 hours
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At the outlet, there is a concentration of steam present that corresponds to the 4 bar
partial pressure out of 74 bar total pressure in the start of the transient. This steam

concentration reduces linearly to 0 over 500,000 seconds.

The steam flow is corresponding to the gas flow of the helium. Since the core heats up
and the temperature maximum shifts from bottom to top, the first centre of corrosion
can be found in the lower part. With the re-distribution of the solid temperature and the
cooling down of the lower part, the steam can now enter the core region and attack fuel
elements. The centre of corrosion slowly shifts upwards and follows the temperature

maximum.

The centre of corrosion starts at the bottom reflector where in steady state conditions
the temperatures are high enough that corrosion can take place. This can be seen in
Figure 66 and Figure 67, where 0 metre is the lower end of the pebble bed; 11 metres
being the top of the core.
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Figure 66: Relative graphite burn-off after 1,815 seconds, 5738 seconds and 6,920 seconds in
the core zone next to the centre line (at radius = 0.058 m)
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Figure 67: Relative graphite burn-off after 1,815 seconds, 5738 seconds, 6,920 seconds,
15,265 seconds, 36,069 seconds, 72,020 seconds and 306,000 seconds in the core zone next

to the centre line (at radius = 0.058 m)

Figure 68 shows the power increase as a consequence of water ingress without the
insertion of control rods. In this case, the increase in power is stopped by the fuel tem-
perature effect, see Figure 69. In the TINTE result the power level increases a bit faster
and hence, presumably fuel and moderator temperatures increase more rapidly which
could explain why the maximum value of TORT-TD/ATTICA® lags around one second
behind. Also one has to keep in mind that for our calculation assumptions for the in-
crease of the steam at the inlet has to be made. Unlike the TINTE code, the steam
transport has to be simulated by changing boundary conditions.
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Figure 68: Short-term power increase in an anticipated transient without SCRAM case. The

reactor is only shutdown by means of the fuel and moderator temperature effect.

Figure 69 below shows the total power again, but this time together with the decay heat

which obviously does not change due to the short-term power increase. Also the fuel

and moderator temperatures are presented which obviously start to rise as soon as the

power increases.
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Figure 69: Fission and decay power (left axis), fuel and moderator (right axis) for the anticipated

transient without Scram case.
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A 3-dimensional case is analysed. The assumptions of the design basis accidents are
adopted; with 105 % of nominal power, stopping of blower within 40 seconds and inser-
tion of control rods to shut the reactor down. Additionally, a 90° piece is simulated with
6 angular subdivisions, see Figure 70.

Cycle: 90

Pseudocolor
Var: attica/powden
Units: W/m3

7.967e+006
| B

—5.975e+4006
2.5
3.984e+006

—1.99224006

0.0000
Max: 79674000, 0
Min; 0.0000

Mesh
Var: attica/rgesh
¥

y-axis
~

L e
0.5 1.0 1.5 2.0 2.5 3.0
x-axis (m)

Figure 70: x,y-section of the maximum power plane. The percentages give the deviation from
the 105 % of nominal power distribution
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Figure 71: Asymmetric temperature distribution at core bottom
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Figure 72: Left: 3-d temperature distribution; Right: 3-d burn-off distribution after 1,100 seconds;
the black frame represents the pebble bed. White arrow: x,y-plane section.
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onds
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Discussion of water ingress:

The relative graphite burn-off is a quantity that is normalised on the initial amount of
graphite. When after 306,000 seconds the burn-off is 0.027, it means that only 2.7% of
the graphite is corroded. Although the outer matrix graphite shell without fuel already
comprises 42% of the fuel sphere volume, it is not the percentage of graphite that can
be lost without reaching the first particles. In a pebble bed, the gas can only flow in the
gas region. The fuel pebbles are always subjected to anisotropic corrosion since the
part that is perpendicular facing a flow channel will be stronger corroded than in cases
where the flow is parallel to the pebble surface. This fact can be accounted for by using
a shape factor. In [25], it is stated that using a shape factor of 6 the admissible loss of

graphite from the outer shell is 7%.

The results of TORT-TD/ATTICA® show a maximum corrosion within the core region
of 2.7%. It is therefore far away from the fuel region and no coated particle will be at-
tacked by the steam atmosphere.

The HTR-PM is designed with two helium purification systems to remove chemicals
such as H,0, O,, CO, CO,, N,, H,, CH4 etc. within the coolant; one in operation, the
other one serves as back-up if the first purification system fails.

For mitigation measures of the case of water ingress in the HTR-PM, there is a special-
ly designed stand-by accident helium purification system line connected to both helium
purification systems to remove chemical impurities. This purification system has special
water separators and a throughput of 100% of the primary circuit inventory per hour.
This would further decrease the steam and hydrogen content in the reactor for long-
term corrosion effects. But it is not included in the safety related systems of the HTR-

PM and is assumed not to work to give a conservative estimate.

Therefore, the corrosion attack of the core will be less severe if the helium purification
system with the water separators operates as designed. See appendix 9.2 for results of

air ingress calculation.
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7  Summary and Conclusion

As three-dimensional time-depending modelling becomes more and more a standard in
reactor analysis, it is to become state of the art for HTRs as well. This work addresses
these needs by coupling a three dimensional time-dependent neutron transport code
TORT-TD to a 3-dimensional time dependent thermal fluid dynamic code ATTICA® by
means of a common interface exchanging power distributions and fuel and moderator
temperatures, respectively. Along with the coupling, the single components are intro-
duced. The major ideas in TORT-TD that solves the time-dependent neutron transport
equations by transforming the set of equations into a source driven problem with the
introduction of a time-dependent external neutron source were briefly explained. Also,
an additional parameter, the hydrogen density, to vary the macroscopic cross sections
as consequence of water ingress was introduced. For the thermal fluid dynamic com-
ponent ATTICA®® the principle transport equations for the porous medium approach
were explained. These transport equations together with a set of constitutive equations,
e.g. equations of state for the gas and gas mixtures, heat transfer coefficient, radiative
heat transfer, effective heat conductivity of the pebble bed were presented. Interested
readers may find the numerical solution of the equation system to be solved on a spa-
tial grid applying the finite volume method, and a method of time integration with the
help of the backward differentiation formulae in the appendix.

The thermal fluid dynamic component ATTICA®® was enhanced for corrosive attacks by
air and steam, which in case of the water ingress also transfers the hydrogen densities
via the interface to account for a change of moderation in the TORT-TD calculation. For
this case, parameterised cross section sets had to be made available. In the corrosion
module, different experimentally determined corrosion rates were implemented. De-
pending on the nature of graphite as well as for the geometry (pebble bed surface vs
blocks with boring holes), these differ quite significantly. While there is a huge data
base for air ingress accidents, the corrosion under steam atmosphere has only limited

data available and only for an unspecified fuel sphere graphite (A3).

The well-known mutual influence of neutronics and thermal fluid dynamics on each
other is addressed by introducing an interface enabling the data exchange between the
two components of the system. The interface between TORT-TD and ATTICA® au-
tomatizes the transfer of the power distribution for temperature computation, and in the
other direction, the transfer of fuel and moderator temperatures and where needed the

hydrogen densities. For a coupled neutronics/thermal fluid dynamic calculation, of
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course, parameterised cross section sets must be available and re-evaluated at every

neutronic time step.

As starting point for coupled calculations the steady-state of the PBMR-400 was se-
lected for verification. Here the agreement of power and temperature distribution was

well and can be regarded a good starting point for transient analysis.

The verification with the help of the PBMR-400 benchmark showed good agreement for
the steady state case. This was important since it represents the starting conditions for
subsequent transient analysis. The cold helium ingress case showed that the change in
moderator temperature had an impact on the spectrum which softened and thereby
increasing the fission rates and hence the power. For the case of withdrawal of the
complete bank of control rods the results of TORT-TD/ATTICA3D, and even more so in
the case of the total control ejection case, could present the difference of a detailed fuel
model for the representation of the fuel element. In the withdrawal case, the homoge-
neous and heterogeneous solutions of the coupled system for the power evolution en-
veloped the results of others. Analysis of the fuel temperatures showed that in the ho-
mogeneous model (fuel and moderator temperature averaged over the whole fuel ele-
ment) the fuel temperatures are the lowest, as well as the overall temperature increase.
This corresponds well with theory. The heterogeneous model explicitly taking into ac-
count the fuel and moderator volumes has the highest average fuel temperatures.
Therefore, the power increase in the heterogeneous model is the least of the partici-
pants (that also employed a different fuel model). For the case of ejection of all control
rods, there was a huge spread in the results. Here, two reasons for the different results
can be identified. First, the proposed fuel element model of the benchmark which sub-
divided the fuel element into 5 shells assigning the innermost 4 shells as average fuel
temperature, the innermost sphere as the maximum fuel temperature, and all of the
shell as moderator. This of course overestimates the volume of the coated particles
where the heat is mostly deposited, real coated particle volume 0.89 % compared to 58
% of the volume in the proposed benchmark model. Secondly, TORT-TD/ATTICA®
employs a quasi-steady-state heat conduction model while the results of KAERI and
PBMR both employed a time dependent heat conduction model for the fuel, but both
with different results. The reason for the — in comparison — moderate power excursion
for the heterogeneous TORT-TD/ATTICA®® results is a faster heat up of coated parti-
cles and limits the power increase in a drastic manner, explained by the detailed analy-
sis of the average fuel temperatures where faster onset of temperature increase was

presented.
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The consequences of corrosion attacks were validated by means of an experiment
performed within the RAPHAEL project co-funded by the European Comission in the
NACOK facility at the Juelich Research Centre. Using different corrosion rates for fuel
and reflector and also accounting for geometrical characteristics, 3-dimensional results
could be produced as validation case. The determined time behaviour under corrosive
atmosphere together with an external heating could be reproduced satisfactory. Given
the complex nature of the experiment the corrosion behaviour in combination with the

temperature development can be predicted.

The only experiment in a real high temperature reactor, the full power temperature dis-
tribution in the Chinese HTR-10, was performed in a coupled steady state. Compared
with the experimental temperatures, the accordance is well except on locations where
the porous medium approach has deficiencies, i.e. in outer core regions, where the
actual porosity differs significantly from the homogeneous one. With an increased po-
rosity at the side of the pebble bed an increased cooling is to be expected. However,
the correlations implemented are only valid for a packed bed with the spheres of a ra-
dius at least 5 times less than the diameter of the column that is filled. In the discharge
tube and the hot helium chamber, measured temperatures at the same r,z-location but
at different angles lead to temperature differences of up to 200 K. Since the exact loca-
tion of the measuring points was not provided, it is difficult to locate the exact positions
within the reflector. Additionally, when using the porous medium approach the compo-
nents are assumed to be homogeneously permeated by coolant. This can lead to aver-
aging out temperature peaks which has to be remedied by more detailed component
modelling. This should be done when more detailed locations become available. In

summary, the agreement can be regarded very well.

As application cases, single rod control rod ejections where performed for the PBMR-
400 as well as for the HTR-PM. The procedure to modify the cross section of control
rods by an certain adjustment factor for the simulation of spatially resolved control rods
yielded a comparable power and temperature increase as for the case with a grey cur-
tain representation. Hence, it was concluded that the right efficiency for a single control
rod was found. With the modified cross section for the spatial resolution, a single con-
trol rod ejection case was simulated for a 180° model that used 49 angular subdivisions
for the TORT-TD model and 19 angles for the ATTICA®® model, but with the ATTICA®
model subdivisions densifying towards the control rod ejected. The reactivities deter-
mined for a rod ejection case were found to be 0.03 % which, with knowledge of the
integral temperature coefficient of the PBMR-400, leads to a total temperature increase
of 4.2 K; 4.9 K were predicted by an analytical method. However, of course the analyti-

cal method only accounts for global change. Local temperature changes can be much
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higher, and hence, the averaging of a temperature distribution can introduce errors.
The fuel and moderator temperature increase are shown together with the power evo-
lution. Analysis of the thermal flux plots showed the increase in thermal flux for the po-
sition of the ejected control rod. Here, the 3-dimensional time dependent capabilities
could be first demonstrated in a coupled manner. But simulating the reactor with spa-

tially resolved control rods can also require the use of more than just two neutron ener-

gy groups.

This deficiency was overcome for the HTR-PM reactor by using 13 neutron groups for
the spectral calculations without the questionable use of neutron bucklings. After ob-
taining a solution with the 13 energy groups for the steady state, they were condensed
to seven neutron groups for transient calculations (for reasons of computational time).
For the single rod ejection case, a detailed MCNP5 model was used to adjust the effi-
ciencies of the control rods. After obtaining the right efficiencies, a single rod ejection
case simulation was performed. The power increase went up to 25 % for a short time,
quickly decreasing as the fuel and moderator temperatures increased by around 15 K.
Analysis of the temperature distribution at the location with highest temperatures re-
sponse to ejection revealed only a moderate local increase at the location of interest.

With the simulation of the water ingress, the whole interplay between neutron physics,
cross section evaluation and thermal fluid dynamics could be demonstrated. TORT-TD
was enhanced for an extra interpolation parameter for the macroscopic cross section
outside this work by Seubert from the GRS. With the cross sections produced by Bader
[30] including the hydrogen densities, the feedback due to steam in the core could be
tested in the coupled system and yielded good agreement for both the short-term tran-

sient behaviour with the power increase and the long term behaviour.

For the 3-dimensional water ingress of a 90° piece of the HTR-PM, it could be shown
that, of course, when assuming an asymmetric power distribution, an asymmetric tem-
perature is the consequence. As the decay heat is proportional to the steady-state

power distribution the corrosive attack corresponds to the temperature distribution.

In this work, it could be shown that with the coupling of the neutron transport code
TORT-TD to ATTICA3D via a common interface produces comparable results of tran-
sient problem exercises of the PBMR-400 benchmark. From there on, it was shown
that with some efforts put in cross-section processing or manipulating absorption and
total cross sections of control rod elements, locally resolved results even for cases with
a 180° angle can be obtained. The coupled HTR simulation system TORT-

TD/ATTICA® is now available, tested and validated for the cases presented.
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A logical development to continue to produce an integral HTR simulation system would
be the coupling of TORT-TD/ATTICA3D to a programme that can simulate processes

within the primary circuit and, if available, even of the secondary side.
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9  Appendix

9.1 Numerical solution methods

The general numerical solution approach is to solve the partial differential equation
system that consists of the conservation equations of mass, momentum and energy of
the phases, together with the constitutive equation introduced above. The approach for
the numerical solution of this system in ATTICA® can be subdivided into two general

steps:

e The spatial solution of the equation system: In order to map the three-
dimensional space on a discrete grid, the solution domain is discretised spatial-
ly by making use of the finite volume method.

e The time integration is done by subdividing time into a sequence of time steps
approximating the partial derivatives w.r.t. time of the solution variables by dif-
ferences that are evaluated at the actual and previous time levels. In ATTICA®P
the method of backward differencing formulae is applied.

This description is described in more detail in [100].

9.1.1 Spatial discretisation by the finite volume method

Spatial discretisation of the conservation equations system is done by finite volumes
techniques. The space is discretised on a 3-d rectangular grid. The finite volumes have
the form of cubes or wedges (Cartesian or cylindrical geometry). For a cylindrical grid

the volumes are given as

Vijk = ‘(Rii;/z - Riz—;/z)' (Zj% - Zj—%)' (9k+;/2 —‘9k-;/2) (9-1)

N |-

where V,;, is the volume of cell radius i, height j and angle k. The subscripts

ii%, ji% and k + % indicate the boundaries of the cell. The faces of the volume

that form the boundaries of this cell are given in radial direction as
Appyjn = Risy, '(ZWZ TZjiy ) (9k+;/2 =0,y ) (9-2)

in axial direction
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A ( z‘2+}/2 _Rz‘z—}/z )'(ek+}/2 _ek—}/z) (9-3)

ik

N |-

and azimuthal direction
A iy = (Zj+% ~Zjy )'(ek+;/2 _ek—%)' (9-4)

It is common to use a staggered grid approach in fluid dynamics to solve for the proper-
ties of interest. Staggered grid means that all scalar quantities ® (pressures, tempera-
tures, concentrations) are computed for the cell centres whereas vector quantities like

velocities, mass or enthalpy flows are computed at the volume faces.

Arrrf Arr’ Arl*f
« -4 > < P

A
Az,
Az J 2J W
Az,

v

r r i r

Figure 74: Discretisation of space using a staggered grid approach for the finite volume method

in the r,z-plane.

In order to make the values needed at the cell centre or face available, the quantities
are interpolated to the respective location (from cell centre to cell phases for the scalar
quantity @ and vice versa for the vector quantities). Depending on the nature of the
parameter to be interpolated, different interpolation approaches are used. These are
linear interpolation, geometrical interpolation (emphasizing the smaller values, e.g. in
heat conduction problems) or up-wind interpolation for quantities with convective flux-

es.
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9.1.2 Discretisation of mass and energy conservation

The mass and energy conservation equations expressed in the general form are

%W-(ﬂp@v)zv-(umﬁ S (9-5)

convection diffusion source

changerate

where @ is the quantity of interest, i.e. the mass fraction of the mass conservation, for

the energy conservation @ is the enthalpy of the gas or the solid, £ is the respective

volume fraction which is ¢ for the gas phase and (1—5) for the solid phase. For mass

and energy conservation equations not all the terms are present. While for the mass
conservation the diffusion term is neglected, the convection term is neglected for the
energy equation of the solid. Integration of the equation over a volume cell with the

help of the divergence theorem

[ 28D 4y 4 §(Bpws-D-VO)-dA = [5-dv (9-6)
o Ot I AV

For cylindrical coordinates for the control volume V.

0
_ﬂi,j,kpi,j,kq)i,j,kvi,j,k = [ﬂp(l)u - qu)]i—%,j,k Ai—}g,j,k - [ﬂp(l)u - qu)]n%,j,k Ai+}/2,j,k

ot
+[Bpov-DVo] A, ~[Boov-DVO] A L 07
+[Bodw-DVO] ;A [\, ~[frPW-DVO] A L
+ Si,j,kvi,j,k

Here, the change rate of the conserved quantity (mass, energy) equals the sum of the
production rate due to sources and convective and diffusive fluxes entering or leaving
the cell boundaries of the control volume. The change rates and source terms are cal-
culated from the values of the variables at volume centres, while the fluxes are com-
puted from values of variables defined at volume faces. Mass and energy fluxes leav-
ing one cell enter the neighbouring cell. Summing up over the whole solution domain
will cancel out contributions from the internal fluxes, such that mass and energy are

conserved.

The convective and diffusive fluxes are discretised in a coupled way, depending on the
mesh Peclet number. The Peclet number gives the ratio of convective to diffusive en-
ergy transport. If the condition Pe < 2 is fulfilled, linear interpolation is used for the cal-
culation of convective and the diffusive terms. For other cases, the convective fluxes
are calculated by up-wind interpolation, neglecting diffusive fluxes. This method yields

numerically stable results in cases with low or stagnating velocities.
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9.1.3 Discretisation of the momentum equation

The momentum equations for the gas according to the Ergun approach can be ex-
pressed in terms of the mass flow rates. In discretised form, this gives e.qg. for the axial

component of the gas momentum equation at the cell boundary i,j=%,k

g+ k| Maijeyk 7| 9tk =
PgHy i,j+3.k Ky i, j+ ¥k
9-8
Py ik = Pgiiik —p g (3-8)
Az +Az;, ook
2

with 7ty = (BePe0,)i o

The pressures and mass flow rates are already defined at the required grid locations.
The density p,, kinematic viscosity v,, permeability xjand passability u, have to be
computed from interpolated values interpolated from cell centre to cell boundaries.
Therefore, properties associated with the gas flow (volume fraction, density and viscos-
ity) are evaluated using up-wind interpolation. The quantities associated with the solid
matrix (porosity, particle diameter) are computed using geometric interpolation to as-
sure that the mass flux at the boundaries of a completely blocked cell will be zero. The
resulting mass flow rates at the cell boundaries can then be computed explicitly as a
function of the properties in the adjoining cells. Analogously, the discretisation of the

radial and the azimuthal components of the gas momentum equations is done.

9.1.4 Time integration method

The solution variables of ATTICA® are the solid enthalpy h,, the gas pressure p, the
gas temperature T,, the gas component volume fractions Aok for the components

k=1...N, and the velocity components u,, u, and .

In each control volume a system of ordinary differential equations results from the spa-

tially discretised conservation equations. These are:

*=F (9-9)

s-V-—(pg-eg):Eg (9-10)
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’dpg,k _ d

at 'a(cg,k'/?g)ﬁv'g,k k=1..N

. (9-11)

Instead of all individual mass conservation equations for the gas components, we work

with the sum of the mass conservation equations

dp, & - .
a-V-E:ZMg’k =M, (9-12)
k=1

and Ng —1 individual mass conservation equations

d .
eV P N k=1 N, -1 (9-13)
From equation (9-10)we have
d dp de .
s-V-a(pg-eg)=8-V-[egd—j+pgd—:j=Eg (9-14)

By subtracting equation (9-12) multiplied by e, from (9-14) we get

de, :Eg—Mg-eg (0-15)
dt e-V-p,

Since our equation of state is based on enthalpy instead of internal energy, we use

P
d— : :
de, =dhg Py =dhg _i@Jr%dpg _ E,—M, €, _ (0-16)
dt dt dt dt  p, dt py dt &V-p,

With equations (9-15) and (9-16) this can be transformed to

. . Eg—Mg-(nger L
ﬂ_id_f’z—Eg_Mg'eg_ﬁz.M Ps) _E =M, h (9-17)
at p, dt e V-p, p, eV e V-p, e-V-p,

8

dh

Since hg is not a differential solution variable, we have to express d_tg in terms of the

time derivatives of the differential solution variables &, that depends on: p, T, and

Xk - HENCe, we have
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%__ @ ah dTg _+_NQ1 ahg ,dxgyk ZEX_MS’.hS (9-18)
dt 8T dt = 8ng 8ngNg dt e-V-p,

Here, we have considered that =1- Z o) dxg’N“’ ——Ngilng'k
’ KN, g dt ~ gt

Similarly, we have from equation (9-12)

dp, _py dp Tg+§( %Py _ J,dxgk_Mg (0-19)
anN

dt  op dt aT dt S\ o, it &V

From the equation (9-13), we have

dt  op dt or, dt =

9

dog, 9Py _%_‘_apg,k _dTg +Nzgf[apg,k B Py ]'dlg,k _ Mg,k

0o Okgn, | dt &V (9-20)

with k=1...N, -1

Hence, the system of conservation equations for each volume considered is trans-

formed into a linearly-implicit system of ordinary differential equations of the form

M-Y =f(t,Y) (9-21)

with the array of solution variables

vo| ¢, (9-22)

the array of derivatives
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dh,
dt
dp
dt
dT,
Y={ dt | (9-23)
dlg,l
dt
d;(g,Ng—l
dt
the matrix
m, 0 0 0 0
0 ahg 1 8h8 th 6hg ahg ahg
o p, 0T, Mg g, Mgn1 g,
0 Py %Py Py P O 0Py
M = op oT, MNga 8X3,Ng an,Ng—l an,Ng (9-24)
o Pu Py Py Oy Py 0Py
op oT, Mgr g, Mgny1 Ohgn,
0 apg,Ng—l apg,Ng—l apg,Ng—l_apg,Ng—l apg,Ng—l_apg,Ng—l
op aTg axg,l an,Ng aX.g,Ng-l an,Ng
and the right hand side
. E.-s
Eg_Mg'hg
eV-p,
_9
f(Y) = &V (9-25)
Mg,
S:V
Mg,Ng—l
eV

The required partial derivatives of the densities and mixture enthalpy follow from the

equation of state of the gas mixture.

In order to determine the solution variables Y and their time derivatives Y it is neces-

sary to solve the array F of the form
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F(t,Y,Y)=0 (9-26)

which is composed of the discretised conservation equations for every control volume
I,j,k. This gives 2 energy conservation equations, 3 momentum equations and Ny mass

conservation equations for the gas. The solution variables Y and their time derivatives

Y are composed as described above. By algebraic manipulation it is possible to trans-
form the equation system into an explicit set of differential equation such that

Y =f(t,Y) (9-27)

Here, an implicit Euler method is selected in which the time derivatives are approxi-
mated by a first order difference quotient at previous and actual time levels.

Yn+l _ Yn

o fr=0 (9-28)

where the solution for the next time step depends on the new time step, again. This
approach needs a larger effort for the solution since it can only be solved iteratively, but
the time step size can be much larger compared to explicit methods such that this pays
off especially for the stiff equation system present. In ATTICA3D a modified Newton-
Raphson method [90] is applied which linearises the equation system w.r.t. the solution
variables around the actual solution values. The resulting linear system is solved to
obtain an improved solution each step and is iterated until the residuals fall below a
certain threshold. The size of this algebraic system can be very large such that a step-
wise approach can be applied where only single equations of the total equation system
are linearized and then solved, e.g. mass conservation equations. The updated solu-
tion will be used for the solution of the next linearized single equations for e.g. momen-
tum equations to determine the velocities, then the energy equations a.s.o. The whole
sequence is repeated until convergence criteria are met. Some coupled processes like
heat transfer between solid and gas can lead to oscillation of the solution and by that
slows down the solution which is remedied by relaxation parameters that are based on

experience and can be heavily problem dependent.

For the solution method in ATTICA3D, the backwards differencing formulae (BDF)
method proposed by Petzold [92] is selected, since the largest part of the computation-
al effort is needed for the evaluation of the Jacobian matrix which contain the partial
derivatives of the solution variables. While other possible solution methods demand for

a factorization of the Jacobian at each time step, the BDF method allows the re-use of
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the factorization of the iteration matrix if time step size changes are less than a factor of

2 or 0.5, respectively. This re-use enables massive savings in computational times.

The BDF method solves differential algebraic equations of the form 4-64 in conjunction

with a set of initial conditions Y (t°) = Y°, Y(t°) = Y°. The term algebraic refers to the

possibility, that not all time derivatives Y have to appear explicitly in the equations, i.e.
algebraic equations may also be part of the total system. The BDF takes into account
the solution and the partial derivatives of up to 5 of the last time steps which are
adapted to the solution in a way to obtain optimum step sizes for the local discretisation

error. For each time step an approximation of the solution of the variables and their

derivatives at the new time step " are estimated by a predictor polynomial which
interpolates the solutions at the last time steps (depending on the order). The new val-
ues obtained are re-evaluated by applying a predictor polynomial and its derivative that
fulfills the equation system at the new time step level. After successful completion of a
time step, the step size width and order for the next step are determined, depending on

the previous solution sequence.

The iterative solution of the equation system requires the calculation of an iteration
matrix. Since the nature of this matrix is diagonally-dominant and sparse, use of matrix
decomposition in an upper and lower triangular matrix (LU-decomposition) is made. For
solution of sparse matrices a number of numerical solver libraries are freely available.
Here, interfaces for several solver packages are integrated into ATTICA3D, e.g. for
band matrices the LAPACK library, for direct sparse solvers the UMFPACK, Super-LU

libraries can be selected by the user.

The numerical solution of the equations system is done stepwise. First, the pressure
field is calculated with other initial values, followed by a pressure and velocity calcula-
tion. Then, the pressure, velocity and gas temperatures are calculated with the initial
solid temperatures before, in the last step, all variables are calculated. However, the
user can also specify explicitly in the input which equations to be solved. This is iterat-
ed till finally convergence criteria (default or user-specified) are met and the next step

can be executed.



148

9.3 Airingress into the HTR-PM

For an air ingress accident, a precondition is the depressurisation scenario with a de-
struction of the main coaxial gas duct. Several scenarios can be thought of, e.g. lid and
bottom are open (chimney effect) or the fuel discharge tube breaks. In [59] it is as-
sumed that the helium that remains within the reactor pressure vessel will expand with
the heat up of the reactor and its interiors. Only when the maximum temperatures are
reached helium will contract making volume for air (79% Nitrogen, 21% oxygen) that
will be sucked in (dive bell effect). In the scenario presented here, the assumption is
that right after the break of the duct half of the gas concentration is made up by air.
Therefore, the graphite structures will instantaneously undergo corrosion and will also
experience corrosion in the time where the reactor still heats up with the decay heat. In
the first mentioned scenario, the bottom reflector structures are already below 500°C
and there is no significant corrosion to be expected. In order to initialise the transient, a
steady-state calculation was performed and saved on a restart file. Then the transient
was started with a reduced pressure of 1 bar. Now, at outlet and inlet the gas concen-
trations were modified to 50% helium, 39.5% nitrogen and 10.5% oxygen. Since the
core is much hotter than the helium riser and further heats up with the decay heat,
conditions as simulated with the NACOK experiment for temperature differences be-
tween core and helium risers are fulfilled — a natural convection loop, starting from the

outlet through the core and then helium riser, will establish.

The simulation time is 365,000 seconds which corresponds to about 100 hours or more

than 4 days.
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Figure 75: Starting condition before the depressurisation, there is no graphite burn-off, tempera-

tures are shown as iso-lines, velocities as arrows

Figure 75 depicts the starting conditions before depressurisation. The temperatures are
shown as iso-lines between 773 K (500°C) and 1223 K (950°C) in order to highlight
regions where corrosion takes place. Temperatures within the 1223 K line show the
region of Boudouard reaction. Additionally the velocities are shown as arrows. Figure 76
shows the conditions after 1,500 seconds. The flow direction reverses; air is sucked in
at the outlet and corrosion starts. In the beginning, CO, is all over the reactor core.
However, when temperatures exceed 1223 K the CO, is consumed gradually and the
CO concentration increases, see Figure 78. The temperature in case of a depressurised
loss of forced cooling rises to about 1500°C within 40 hours after depressurisation. At
that time CO, is only present in the lower pebble bed. On the way through the core it

reacts with C forming CO. Only in the control rod channels CO, is present, see Figure
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78. It is obvious when the 1223 K temperature isoline is traversed the CO, content di-

minishes to zero.
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Figure 76: left: relative graphite burn-off, temperature in isolines and gas velocities; right CO,

concentration, temperature isolines and gas velocities at t = 1501 seconds.
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Figure 77: left CO distribution with isolines; right CO, distribution and solid temperature isolines

att=8,145 sec
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Figure 78: left CO distribution with solid temperature isolines; right CO, distribution and solid

temperature isolines at t = 144,103 sec

After 365,000 seconds (~ 100 hours), there is two clearly distinguishable burn-off loca-

tions; a lower one where most of the CO, is formed, and a second one within the core

which follows the 1223 K solid temperature isoline, see Figure 79. This second burn-off

front is due to Boudouard reaction.

After the end of the transient the maximum burn-off is only 1.9 %. This burn-off value is

in the lower core region. Like mentioned in the water ingress transient simulation, the

graphite corrosion can reach the coated particles after 7 % burn-off assuming a shape

factor of 6 as done in [25].




153

Cycle: 428 000

Pseudocolor
Var atfica/burn_off

001949
L)

—001402 12

—0.009744

— 0.0048?2! 0

. 0.0000

Mok 0.01949
Mir: 0.0000 8

Confour —_

War: attica/t_gol

Unifs: K ~
—1223 1y
—1073

L%

Mene: 1692, ™
Mim: 343.0

1.02.03.04.0
x-axis (m)

Figure 79: Graphite burn-off and temperature isolines at the end of the air ingress transient

(865,000 seconds ~ 100 hours)



